4 a -CARBON HYDROXYLATION IN THE METABOLISM OF TOBACCO ALKALOIDS 


_by 
4 


Nguyen thi ‘Trong-Lang 
B.S., University of California Los Angeles 1971 


DISSERTATION 
' Submitted in partial satisfaction of the requirements for the degree of 


DOCTOR OF PHILOSOPHY 


in the 
(San Francisco) 


| of the 


UNIVERSITY OF CALIFORNIA 


JAN2 1977 


O 
| 
/ 
PHARMACEUTICAL 
3 
4 
3 Deposited in the Library, San Francisco Medical Center: | 
Date Librarian 


To Larry 
A Lily grows 
| A life is born 
| And the world is 


& better place . 


and 
To my father 
Cong cha mit 


> 
: 
@ 
~ 
. 
. 
| 
> 
‘ 
| 


1ii 


ACKNOWLEDGMENTS 


The author wishes to express her sincere appreciation to Dr. Neal 
_Castagnoli for his guidance and encouragement during the course ‘s this 

I would aiso like to thank: 

Dr. J. C. Craig for the use of the gc mass spectrometer-computer 
| Dr. L. D. Gruenke for eestetence through the course of this 


research. 


Dr. J. C. Craig and Dr. P. Otiz de Montellano for their quick 


review of the manuscript. 


\ 


: 
- 
; 


J 


- ABSTRACT OF THE DISSERTATION 
_ a-Carbon Hydroxylation in the 
‘Metabolism of Tobacco Alkaloids 
by 
Nguyen thi Trong Lang ; 
Doctor of Philosophy in Pharmaceutical Chemistry 


University of California San Francisco 


Many of the biotransformation processes observed in the metabolism 


"ef xenobiotics are oxidative in nature. Generally oxidative metabolism 


is mediated by the microsomal mixed function oxidases with cytochrome _ 


P59 as the terminal oxidase. Many carbon-heteroatom oxidative transfor- 
mations are believed to involve an initial hydroxylation at carbon a to 


the heteroatom. These a-hydroxy lated intermediatés are generally chem- 


ically unstable and are either further metabolized or break down into 


other products. In order to extend our knowledge of the a-carbon hydrox 


~ 


ylation pathway in drug metabolism, the metabolism of nicotine has been 
examined. 
The chemical structure of the major tobacco alkaloid (S)-nicotine 


contains three unique carbon atoms a to the nitrogen atom of the pyrrol-~ 


idine moiety. Nicotine is known to undergo metabolism at two of the 


three a carbon atoms to form nornicotine and cotinine. Earlier work has 


shown that the a-hydroxylated intermediate in the metabolic transforma- 


| | 
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tion of nicotine - cotinine can be trapped via the nicotine-A!'(S)_ 
iminium ion'to form 5“cyanonicotine. 
The work described in this dissertation is concerned with ine 
ther elucidation of the structwres ‘and the modes ‘of. formation of metabol- 
Ties of the major nicotine alkaloids. ‘fer these ania a synthetic 
scheme was dnbtonind which provides for the introduction of deuterium at 
“Ss all sites of the five membered ring of nicotine and of siceiiues as well 
as the synthesis of nornicotine deuterium labeled at the Co: and C3! 
of the moiety. of these 
deuterium labeled in conjunction with mass allow- 
ed for the detection and structure elucidation of the metabolites. 

In a separate enuil on the savestune of 5-hydroxycotinine, a major 
metabolite of cotinine, it was shown by spectral studies on a synthetic 
sample that this compound exists in its open ring 

form, ‘The position of this 
equilibrium is influenced by the ari a base ad the nature of the 
solvent. of this metabolite may serve as 
formed in the metabolism of nicotine and nornicotine. 

Studies on -the metabolism of wtetsnetins by 10,000 x g rabbit liver 


supernatant fractions led to the discovery of two new metabolites, 


\ 
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myosmine and ‘These structures were con- 


firmed by the use of the deuterium labeled substrates, nornicotine-3' ,3'- 
d>, nornicotine-2'-d; and nicotine-5',5'=d» (as an indirect source of 

-‘These metabolites may arise the parent com- 
pound by elimination of Hj0 from the initial sittecmhaine intermediate. 


Studies on the metabolism of nicotine by 10,000 x g rabbit liver 


supernatant fractions and the 100,000 xg microsomal fractions in. the 


presence of 0.01 M sodium cyanide led to the gc-ei mass spectral charact- 


erization of N-cyanomethylnornicotine. “The location of the cyano group 


Wats established by gc-ei mass spectral analysis of the deuterium labeled 


| products obtained from the specifically deuterium labeléd substrates 


nicotine-5',5'=do, nicotine-2',5',5'=d3 and nicotine-N-methyl-d3 as well 
as by synthesis. Formation of N-cyanomethylnornicotine appears to occur 


at least in part without prior nitrogen-carbon bond cleavage implicating 


the in situ generation of the N-methyleniminium species during the course — 


of metabolic oxidative N-demethylation of nicotine. These same studies 


also confirmed the formation of 5-cyanonicotine. By co-incubating 
nicotine-dg and nicotine-5',5'-d» or nicotine-2',5',5'-d3 it was shown 
that there is no deuterium isotepe effect (k,,/k) = 1.0 + .1) in the 


metabolic. formation of 5+cyanonicotine. 
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Chapter I 


INTRODUCTION ¥ | 


All lipid steht compounds which are ferciea to the biological 
organism should be as potential toxic agents. 
did not occur to convert these substances "into the more readily excret- 
able polar ebtedtich Sees thes could accumulate in the organism and conti- 
nue to produce toxic effects. This is a major problem in premature in- 
fants Saeuig 78 metabolizing enzyme systems are not yet fully developed. 
Thus the metabolism of wenobictics is necessary for the oni of the 
organism. Metabolic alterations usually occur at reactive positions of 
the molecule and in sittin result in the Siiiiinen i more polar trans- 
danenttee products or in primary uscebohanes which may then undergo 
‘conjugation with a highly water 

In biological terms drugs are also Seviaten compounds which undergo 
metabolism as Although drug metabolism generally 


leads to metabolites which are pharmacologically less active than the ~ 


v 


. parent compound, in some cases the reverse has been ous to be true. 
In cases the organism by 
interactions a For these reasons the study of drug 
metabolism is tepartant to our understanding “ ‘ie effects of drugs on 
the biological system, 


‘ 
a 
‘ 


Metabolic conversions may be classified into four types of reac~ 
tions: oxidation, ieidnaiiinns. hydrolysis and synthesis (conjugation). In 


terms of primary or first phase oxidative metabolism 
is by. far the most important pathway since the majority of menobtoelng > 


undergo this type of biotransformation. Even’ though only a few simple 
a 

conversions are involved, the catalytic actions of several enzyme sys- 


} 
tems are generally required. 


Drug metabolizing enzymes are associated mainly with the endoplas- 
mic reticulum of liver cells. For in vitro studies the liver is homo- 
genized. This results in a fragmentation of the endoplasmic reticulum 


1 
to form small vesicles called microsomes. The microsomes may be sepa- 
-rated from other cell constituents by differential centrifugation. The 


resuspended microsomes in the presence of the appropriate cofactors 
(NADPH or NADPH generating system, Oo and magnesium ion) are capable of 
‘metabolizing xenobiotics. By studying the metabotic activity of such 


in vitro preparations it is hoped that an understanding of similar pro- 
cesses in the whole animal can be obtained. 


& 


2 
Early workers were able to separate the microsomal fraction into . 


three basic components necessary for drug metabolizing activity: cyto- 


chrome Pyso9, NADPH cytochrome Py59 reductase and a phospholipid con- 


taining fraction. More recent work has shown that. many other enzymes 


at 


= 
‘ 
a, 
= . 
7 
1 - 
° 
aN 


are present as well. One of these is the Sueeiets manne which is 
known to convert primary and secondary amines ~~ corresponding N- 
hydroxy compounds and tertiary amines into their Raaties, " However the 
cytochrome Py5o system accounts for much of the bulk of the microsomes. 
Cytochrome Piso was so named because it forms a reduced carton monoxide 


complex having an absorption band at 450 nm. The structure of this 


enzyme is known to include an iron-containing porphyrin moiety. : 


Cytochrome Py5¢ is 4 mixed function oxidase which requires NADPH or 


NADH as the source of reducing equivalents and inserts one of the two 


atoms of molecular oxygen into the substrate. This process is illustra- 


4 


ted for cytochrome Pys9 .in Figure I. It involves the transfer of one 


‘ 
%@ 


electron from NADPH to the substrate-enzyme complex via an electron 


transport system which cofsists of the flavoprotein cytochrome c reduc- 


tase (Fp) and a non-heme protein (NHI). The source of the second elec- 


| ps 4 
tron is still not clear but it is hypothesized to be from cytochrome bs. 


\e 


Recent work has added to the complexity of this simple picture. It 
is now known that multiple forms of cytochrome Pysq exist in liver. 


_ Liver microsomes isolated from animals pretreated with various enzyme 


inducers show different abilities to metabolize various substrates, dif- 


ferent patterns of reactivity towards chelating reagents and different 


‘ 


absorption spectra. That these differences are due to different forms 


. 
| 
\ 
a 
5 
her 
yous 


» of cytochrome P59 has been confirmed by the separation of the protein 


. 


fractions of liver microsomes from untreated animals and from animals 


13 
treated inducers. 


NADPH 


ROH 

e 
Py 5 QROH [Pi 50 (CO) RH] PusoRH 
hv 
H20 02 | 
3+ ot _ 3+ 
[Py.5902RH] [Py5002RH] [P45902RH] [Pus 02RH] 


™ 


Figure I. The accepted scheme of electron transport associated | ' 


With oxidative reactions mediated by cytochrome Puso- The 
substrate is designated RH. 


4, 
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It is the purpose of the work presented in this dissertation to 


give some insight into the mechanism of metabolic oxidation of xenobi- 


otics by the microsomal cytochrome Pys59 enzyme system. More specif- 
ically, this thesis is concerned with the study of carbon hydroxylation 


of three important tobacco alkaloids nicotine (1), nornicotine (2) 


and cotinine (3). | 


Pharmacologically, nicotine is the most important of the tobacco 
citetntés: It is very toxic and has found widespread use as a pharma- 
coldgical tool for investigating, the peripheral cholinergi¢ 
the nicotine molecule is an excellent candidate 
for metabolic etudies. Next to ethanol, it is probably the most exten- 
sively used drug in our society and based on this use alone, studies 
Nice mut | of its metabolic fate and the metabolic fate of its two principle 


metabolites nornicotine and cotinine are well justified. Fortunately 


these three molecules are structurally relatively simple and hence are 


quite amenable to the necessary synthetic and analytical\manipulations 


5 
— 
| 
| 
3 2: R= H 
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required for in depth metabolic work. Most importantly in terms of the 


focus of my research, the metabolic hydroxylation of the three, unique 


a 


carbon atoms a to the pyrrolidinyl nitrogen atom of nicotine provides 


an opportunity to investigate in one molecule a variety of pathways 


all of which initiated by a cytochrome Pus0 dependent 
two electron oxidation at carbon. 6 | 

In the next two chapters, the seealiig features of enzymatic { 
a~C-hydroxyistion and of the metabolism of the tobacco alkaloid nico- 
tine are reviewed. These chetews are not intended to be extensive 
since many excellent reviews of these topics can be found in the liter- 


4,17 
ature; it does serve however to introduce the discussion of this 


dissertation which is presented in Chapter IV. 


6 
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Chapter II 


a-CARBON HYDROXYLATION IN DRUG METABOLISM : 


Metabolic oxidation can be classified into a wide variety of types. 
Some eatteins die Listed below. Although the mechanisms of drug oxida- 
tion by the microsomal enzyme systems are not a ahaa understood, 
these oxidative can on having been 
initiated by a carbon or heteroatom deiebetton,” The hydroxylated 


products may be detected as such or may undergo further enzymatic or 


spontaneous conversions into other forms depending upon their stability. 


Aliphatic hydroxylation 


R-CH3 


ro) 
= 


Aromatic hydroxylation: (via arene oxide) 


Y Y | 


N-, O- or S-dealkylation 


OH 
R'-X-CH2R" —> | R'-X-CH-R"| + R'-XH + R"CHO 


‘ 


X = NH, NR,'0 or S 


7 
j 


Deamination 
2. 
OH 0 
>. > R-C-CHy + NH 3 
NH> * NH» 


Sulfoxide and-N-oxide formation 


N-hydroxylation 


\ \ | 
N-H +> N-OH 
/ 


An important subclass of astabolic hydroxylations is composed of vm 

those reactions which occur by the formal insertion of oxygen into the 

C-H bond a to a nitrogen atom or other heteroatom. According vo cats 
generalisation, oxidative dealkylation sii oxidative deamination are 
deacaeaiie the same process involving initial hydroxylation at the 
carbon atom followed by of the hydroxylated dan 

‘a a dealkylated metabolite and a carbonyl compound. 
The oxidation of cyclic amines to lactams — classified as * 


a metabolic oxidation which involves an initial a-carbon hydroxylation. 


However in this case a second enzyme system converts the a-hydroxylated 


intermediate to the carbonyl product. This pathway has been confirmed 


8 
| 
™ 
X = S or NR 

= 
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7 
for the conversion of /nicotine (1) to cotinine (3) and is believed to 
occur generally for [tthe conversion of cyclic amines and cyclic amine 
derivatives to the co esponding a carbonyl metabolites, Some typical 
examples of drugs which undergo this type of metabolic oxidation are 

8 9 10 11 3 
Tremorine (4), Mazindol (5), Nitrimidazine (6), Medazepam (7) and 


| 12 
Cyclophosphamide (8). 


ae 


a 
9 
3 
& 
H9C-C=C-CHo =C—CH, 
4a 
Cl cl | 
Nn | SN 
| 5 52 
| 


10 


72 
N Cl 
N-P=0 
cl (0 cl 
8 8a 


In the following discussion only th¢ topic of metabolic N-dealkyl- 
* ation will be reviewed although many of the conclusions reached.can 
also be applied to O- and S-dealkylation. 
. The first report which appeared in 1939 of the metabolic oxida- 


tive N-dealkylation of a foreign compound described the demethylation, 


of N,N'-dimethylbarbituric acid (9) by dog. Since then this metabolic 


route has been recognized as a common pathway in the metabolism of- - 


UMI 
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= 
6 6a 
ae 
—=N | —N 


11 


amine drugs. The location of the responsible enzymes was determined in 


15 
1953’ to be in the hepatic microsomal fraction. 
No 
0 = Phenyl 4) ; 
10b 


The bulk of the evidence suggests that the N-dealkylase system 
requires NADPH,,molecular oxygen and magnesium ion. Cooper, et al. 
demonstrated that the N-demethylation of N-monomethy1-4-aminoant ipyrine 
(10b) was inhibited by carbon monoxide; this inhibition could be par- 
ete tially reversed by monochromatic light and the maximal reversal was 
obtained by light of 450 nm wavelength. Studies using animals pre- 
treated with enzyme inducers showed that the N-dealkylation of xeno- 
biotics is affected differently depending upon the substrate and inducer 
investigated. In in vitro experiments using rats pretreated with 


phenobarbital, the N-demethylation of ethylmorphine (11a) was increased 


" several fold but was unaffected when animals pretreated with 3-methyl- 


cholanthrene were used. This is in contrast to the N-demethylation of 


.3'-methy1-4-methylaminoazobenzene (12) which is enhanced by pretreatment 


UMI 
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12 
with either phenobarbital or 3-methylcholanthrene. 


CoH50 
CH; 


0 


It was found that phenobarbital induces the synthesis of the cyto- 
chrome Pass system while the polycyclic hydrocarbons 3,4-benzpyrene and 


3-methylcholanthrene induce the synthesis of a new system which was 


19 20 
. later called cytochrome Pyyg. In further studies on the in vitro 


N-demethylation of lla and 12 by rat microsomes, it was observed that 
SKF 525-A inhibited the metabolism of both substrates when untreated 
or phenobarbital treated rats were used, but inhibited only the metab- 


olism of ethylmorphine (11a) when 3-methylcholanthrene treated rats 


were used. Evidence from kinetic studies was presented which suggests 


that a single enzyme (cytochrome P59) is responsible for the N-de- 
methylation of the two substrates lla and 12 in preparations from 

untreated and*“phenobarbital treated rats and that a second enzyme © 


(cytochrome P,,g) which metabolizes 12 but not lla, is present in prep- 


arations from 3-methylcholanthrene treated rats. This was confirmed 


12 
4 
| 
| 
4] 

| | 


13 


by spectrographic studies which showed the same ratio of the 455 nm as 


- to 430 nm peaks in the uv spectrum of the isocyanide-microsomal enzyme 


% 
‘complex prepared from untreated and phenobarbital treated rats but a 
remarkedly different ratio for the same complex prepared from 3-methyl- —_ 


- cholanthrene treated rats. The evidence does not rule out the presence 
of a small amount of cytochrome Py4g in untreated rats nor does it rule 
out the possibility that cytochrome Py4g may be a more significant | 
portion of the natural microsomal enzymes in some other animal species. 

The N-dealkylase system is one of several enzyme systems which 
make up the microsomal mixed function oxidases. As expected from the 
lack of substrate specificity of the mixed function oxidases in general, 
a wide spectrum of substrates are reported to undergo enzymatic N-de- 

| | 23 
alkylation. Some examples are: secondary amines (eg. ephedrine, 13 ), 
tertiary amines (eg. imipramine, 14 ), N-alkylamides (eg. diphenamide, 
25 
. 15 ), N-alkylimides (eg. N-methyl-a-phenyl-a-ethylglutarimide, 16 ), 


26 
N-alkylcarbamates (eg. carbaryl, 17 ), N-alkylbarbitutic acids (eg. 


~ 


27 
N-methylphenobarbital, 18 ), N-alkylsulfonamides (eg. N-propyl-4- 
28 | 29 
bromobenzenesulfonamide, 19 ), N-alkylpurine bases (eg. caffein, 20 ). 


“30 
and N-alkylphosphoramides (eg. hexamethylphosphoramide, 21 ). “Lists 


of a number of drugs which are known to undergo biological N-dealkyl- 


21, 22 
ation have been compiled according to the alkyl group cleaved. : 


5 


14 
| 
N 
NHCH, /CHs 
- 
13 New 
3 
14 
\ 
4 15 CH, 
16 
n /CH, 
O—C—N 
\CH QO et | 
HN Sch, ‘ 
0 
18 
H Cy 7CHs 
2 N—P—N 
| 
H.C 
oAn Nn? 
| 
| CH | 
20 ; i = Phenyl 
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Although these compounds include diverse functionalities, all are 
lipid soluble. This is in contrast to the N-methylamino acids which are 
polar and which do not undergo N-demethylation by the microsomal mixed 
function oxidases; the N-demethylation of these polar amino acids is 

21 
however catalyzed by hepatic enzymes Jocated in the mitochondria. 


The relationship between the lipid solubility of substrates and 


the rate of N-demethylation has been the subject of several studies. 


31 
McMahon’ studied three pairs of benzyldimethylamines (compounds 22-27) 


in eats, mice and guinea pigs. — 

OCOEt 

cl 
24 
-CH,-CHo-N Q-CHo-N 
2 2 aN 
CH NCH 
| 3 3, 
26 2? 
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Although the extent of demethylation for each amine is different 
for each species, a consistent correlation between lipid solubility of 
the drug with the rate of N-demethylation was observed using either iso- 


32 
lated enzyme preparations or whole animals. Hansch, et al. derived a 


mathematical equation which correlates the pKa and the lipophilicity of 


18 disubstituted methylamines as well as the six amines (22-27) studied 


by McMahon with their rates of N-demethylation by rat microsomes. The 


equation includes both first and second power terms with negative coef- 
ficients for pKa which tndbiiainisa a non-linear dependence of the N-de- 
methylation rate on the electron density of the nitrogen atom. 

The rates of N-demethylation of methylamines with bulky substit- 
‘uents do not differ much from those of simpler methylamines. This fact 
led Hansch to it a mechanism which involves the lone pair of elso- 
trons while minimizing the steric influence of highly branched N-alkyl 

. substituents. 
~N-CHo-H + Enz — -N-CHp ome + Enz-H 


28a 
or. 


+ Eat “N-CHe + Enz-H 


28b 


oe 

\ 
; 
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In this mechanism a hydride or a hydrogen radical is removed by 

~ 
the enzyme to form the intermediate methyleniminium ion 28a or radical 
ion 28b. Thus the lone pair electrons may have a dual role in deter- 


mining the rate of N-demethylation. Amines with high pKa's will be 


highly protonated at pH 7.4 and thus will not readily cross the lipoidal 


barrier of the endoplasmic reticulum. Amines with low pKa's will not 
have much capability to stabilize intermediate 28a or 28b if formed. 


Although the bulkiness of the: nitrogen substituents does not appear 


to influence the rate of N-demethylation, the size of the alkyl group 


undergoing is certainly of importance. La 

the N-dealkylation of a series of eninopyrine homologues (10). Under 

. the same conditions, the amount of 4-aminoantipyrine (10a) derived from 

the N-dealkylation of 4-methylaminoantipyrine (10b) was about three 
times that from the dealkylation of 4-ethylaminoantipyrine (10¢) and 
four times that from the Seastulocton of 4-tert-butylaminoantipyrine 


(10d). The same trend was also observed in the N-dealkylation of 
28 
N-alkyl-4-bromobenzenesulfonamide homologues (29). 


10a: R=H 


= 
CoH | a 
10d: R= 
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ll R, 
0 
R= H, Et, 30a : R, = CH,, R, = NHo 
29 30b: R,=NHZ, CH, 


In both in vivo and in vitro studies on dimethylalkylamines it was 
found that generally the remioval of the first methyl group is faster 


than the removal of the second one, as a result the secondary amines 


22 
accumulate in the tissues. Many authors have attributed this differ- 


34,22 
ence in the N-demethylation rate to product inhibition. 


a 


Even though lacking in general substrate specificity the mixed 


function oxidases do show stereospecificity in the N-demethylation 


process. Reports of substrate specificity during this oxidative bio- 
transformation are numerous. However these reports are often contra- 
dictory. Which isomer is preferentially metabolized seems to depend 


not only on the class of compound being investigated but also on the 


/ 


source of the enzymes. For example in man S(+)-amphetamine (30a) is ~“_ 


4 


36 
preferentially deaminated while in rabbits R(-)-amphetamine (30b) is 


metabolized faster than its enantiomer. A number of other examples 


can be found in a recent review on stereochemical factors in drug 


= 
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37 
metabolism. 
A number of studies have attempted to reveal some of the mechan- 
| | 38-40 
istic features of the enzymatic N-demethylation of tertiary amines. 
Two major mechanisms have been put forth. One mechanism proposes a 


14, 40, 41 ; 
resulting dn 


direct introduction of oxygen on the methyl carbon 
a carbinolamine which subsequently breaks down into the dealkylated 
amine and formaldehyde. The second mechanism proposes a direct attack 


on the nitrogen itself producing a tertiary amine N-oxide which then 


undergoes dealkylation by an undefined pathway. 


“NH + HCHO 


38, 43 
Chemical model studies — suggested that if N-oxides are involved 
as intermediates in oxidative N-demethylation, product formation might 
proceed by rearrangement of the N-oxide to the N-hydroxymethyl inter- 
mediate via an intramolecular migration . of the oxygen on the nitrogen 


to the a-carbon atom. 


42 
| 4 
| 


+7 OH 
SN _H 
Ne CHo 


Thus whether the initial step involves N-oxidation or direct, C- ~ 


oxidation, both mechanisms involve the carbino}amine as an intermediate. — 
In fact there is considerable evidence for the intermediacy of carbinol- 
amines in the N-demethylation of tertiary amines. Stable amide metab- 
olites such as N-hydroxymethylheptamethylpyrophosphoramide (31b) and 
N-hydroxymethyl-N-methyl-p-nitrophenylcarbamate (32b) have been found 
45 
as metabolites of octamethylpyrophosphoramide (3la) and of N,N-di- 


46 
methyl-p-nitrophenylcarbamate (32a) respectively. 


oR 
H.C CH. 
0=P-0-P=0 | 
=P-0—-P= 
/ \ 38 
HC CH; a: Rs CH, 


ote 


‘Most other N-hydroxymethyl intermediates have been detected as 
glucuronide conjugates (33). Examples include the glucuronides of 


24 
diphenamide (14), of N-methyl-a-phenyl-a-ethylglutarimide (17), 


20 
3) b: R = CH,OH 


21 


47,48 
of carbaryl (16) and of several others. 


COOH 
SN-CHp-0 


HO 


The corresponding carbinolamines are inherently unstable and have 
been almost impossible to detect. However, direct evidence of an 
N-hydroxymethy1 species as an -intermediate in the N-demethylation of 
48 
an aromatic amine has been reported. N-Hydroxymethylcarbazole (35) 
| 


and carbazole (36) were among the metabolites obtained from the in vivo 


and in vitro metabolism of N-methylcarbazole (34). 


N 
CH H 
34 38 36 


The stability of ens ilaitiiiaiinnes intermediate 35 was explained 
by the presence of the two aromatic systems attached to the nitrogen. 
It was shown that more formaldehyde was formed from the enzymatic incu- 
bation of 35 than from the incubation of 34, The corresponding N-oxide 


was not detected as a metabolite. However, attempts to synthesize the 


OH 
| 


22 


N-oxide from N-methylcarbazole with hydrogen peroxide in acetic acid 

49 
were reported to be without success despite the claim in 1957 that the 
reaction works. 

Many N-oxides have been identified as metabolites of tertiary 

amines which are known to undergo N-demethylation readily. Evidence 

suggesting that the N-oxide might be an intermediate in N-demethylation 

50 

has been reviewed. One example is the conversion by the microsomal 
enzyme system isolated from pig liver of N,N-dimethylaniline N-oxide | 


(37) to N-methylaniline (38) and formaldehyde at a rate which is com- 


patible ‘with the overall rate of N-demethylation of the corresponding 


42 
tertiary amine itself. 
37 38 
CH, JCHs 
CH H 


A few other N-oxides have also been reported to undergo similar 


dealkylation but at a much slower rate. 


52-55 
The discovery that tertiary amine N-oxides are enzymatically 


reduced to the corresponding tertiary amines raised the question as to 


whether the N-oxides undergo dealkylation directly or via the tertiary “ ~° 


* ~ 


+ 
amines. 
[ 
| 


The involvement of initial N-oxidation in the demethylation process 
was strongly held in several cases where the substrates had no a-C-H 
bonds. A few examples are the debutylation of N-tert-butyl and 
: 33 
N,N-di-tert-butyi-4-aminoantipyrine (10d and 10e) and of N-tert- 
56 | 
butylnorchlorcyclizine (39). 


d: Ro =H 


e: R, = = t-CgH 
@ 


10 


However, more recent evidence makes the intermediacy of the N-oxide 
in the dealkylation of N-tert-butylnorchlorcyclizine (39) seem doubtful. 

57 
Kamm isolated N-tert-($-hydroxy)-butylnorchlorcyclizine (40) as a 


metabolite of the corresponding tertiary amine 39. The enzymatic 


R—N 


24 


formation of norchlorcyclizine (41) from 39 was suggested to occur via 
a "modified a-carbon hydroxylation." The author also reported that 
studies with 1ahiditore of alcohol dehydtogenase (ALH) and aldehyde 
dehydrogenase (ALDH) confirmed the participation of these two enzyme 


systems in the N-dealkylation of N-tert-butylnorchlorcyclizine. 


R-N N-C-CH, R-N N-C-cH 
3 | 3 


= 
3 3 
39 40 
R= 
| ALDH | 
H | COOH 
_ CH; 
| Cyt. Faso 
R-N R-N WN-H 
CH | 
41 
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It should also be noted that many tertiary amides, imides and 


' carbamates are known to undergo N-demethylation readily and yet their 


' N-oxides are unknown. Presumably these types of N-oxides are not chem- 


ically stable due to the low electron density on the nitrogen. In spite 

4 
of these considerations, the question of whether N-oxidation or a-C- 
hydroxylation is the initial step in metabolic dealkylation has been 
the subject of continued research and debate for many years. However 

a careful analysis of the recent evidence suggests that N-oxidation and 
a-C-hydroxylation represent two alternative pathways in drug metabo- 

51, 58-62 51 58 
lism. Beckett and Bickel have reviewed the evidence which 
suggests that the two oxidative pathways are not related. Although both 
pathways are NADPH dependent, N-oxidation is usually mediated by a 
microsomal flavoprotein enzyme system (N-oxidation of non-basic nitrogen 


6 


"63a 
containing compounds may be an exception ) and a-C-hydroxylation by a 


microsomal cytocgyome Pyuso dependent enzyme system. Furthermore the 
— 


rate of tertiary amine dealkylation generally exceeds the combined rate 


of N-oxide formation and rate of N-oxide dealkylation. However, the 
most convincing evidence has resulted from studies based on the utili- 
zation of flavoprotein enzyme inhibitors. Cysteamine and dithiothreitol 
62 
inhibited the N-oxidation route of nicotine (1) and chlorpromazine 


51 
(42) but the a-C-hydroxylation routes were unaffected. Thus it is 


> 
. 
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considered settled that N-oxidation and a-C-hydroxylation are usually 


bs two independent pathways in drug metabolism. 


N 
Cl 


UMI 
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Chapter-III 


A REVIEW OF NICOTINE METABOLISM 


The major tobacco alkaloid nicotine (1) occurs naturally in tobacco 
63 

plants exclusively in the S-(-) form. The literature on the pharma- 
cology of nicotine is extensive and dates back to the last century. 
Early metabolic studies were attempted when it was found that not all 
of nicotine absorbed from tobacco smoke or from nicotine given to exper- 
imental animals was excreted. The details of the metabolic fate of 
nicotine has received much attention since the late 1940's. The peak 
publication period was in the 1960's. Studies on the metabolism of 
nicotine have been carried out with almost all the common experimental 

| | 
mammals: cats, dogs, rats, mice, rabbits, hamsters, monkeys, guinea 
pigs and humans. Comparative studies with insects have also been re- 

| 64 

ported in the literature. a 

The mammalian metabolism of nicotine is found to take place mainly 

65 | 
in the liver. Early investigators have shown that animals with liver 
damage or hepatectomized animals are more sensitive to nicotine than are 
normal animals. In vitro experiments with liver slices and homogen- 
ates have also confirmed the in vivo experiments. Other organs such as 


the lungs and kidneys have also been found to be capable of metab- 


oliziftg-—nicotine, although to a much lester extent. 


27 


= 
| 
a 


28 


69 
The metabolism of nicotine is NADPH and molecular oxygen dependent. 


Nicotine is known to be metabolized by two distinct major pathways: a-C- 
oxidation and N-oxidation. When SKF-525A and carbon monoxide were used 
as inhibitors of cytochrome Piso Weeandeiit mixed function oxidases, the 
products of o~O-cnidatine were not shuns However nicotine metabolism 
was not completely blocked and the amount of 49 
N-oxidation was The inhibition of wate 

amine and didcibiubins was merit ioned on end of the previous chap- 

ter. Thus the primary metabolism of to be . 

mediated by at least two different enzyme tht cyto- 

chrome Py>5 9) dependent and the’ FMN dependent enzyme systems. ~ 
The in vitro metabolism of nicotine was, found to be 

liver supernatant fractions obtained at 9000xg to 18,000xg 

fractions (100, 000xg to 140,000xg pellets) stve only 60% 


as much metabolic activity. 


Most of the known urinary metabolites of nicotine have been obser- 
ved in in vitro experiments as well. Aside from the N-methyl pyridinium 
ion 43 and the products of N-oxidation, (1R,2S)-nicotine N'-oxide (44a) 


and (1S,2S)-nicotine N'-oxide (44b), the other nicotine metabolites are ate 


believed to be products of enzymatic hydroxylation at the a earbon atoms 


. of the five membered ring moiety. 


| 


Figure II shows’ the current suggested pathways leading to the metab- 


) olites resulting from N-oxidation and a-C-hydroxylation. 


H3 | | 
43 
44b: R, =O, R=CH, 
Bee | Nicotine Ntoxide (44) was first identified as a tention metabo- 


72 
_ lite by Papadopoulos in 1964 and it was shown later that both (1R,2S) 


. 73 
and (18,2S) nicotine Ntoxide, (44a and 44b) were formed from S(-)- 


nicotine. It was found that S-nicotine yields more (1R,2S) nicotine 


_ N'-oxide than (1S,2S):nicotine N'-oxide in all species studied. ‘It 


‘ 


has also been reported that these N-oxides can be enzymatically reduced 
52-54 
_to nicotine both in vivo and in vitro. 


_- Cotinine (3) was the first nicotine metabolite identified nd is 


the major metabolite formed in all species studied both in vivo and in 


| vitro. The metabolic copversion of nicotine to cotinine was proposed 


- to be mediated by at least two different enzyme systems: the cytochrome 


Puso enzyme and the aldehyde oxidases via the intermediate 5'-hydroxy- 


\ 
~N Sy. R, 
si! cH 
3 
| | 


UMI 


Figure II. Current suggested pathways 


in the metabolism of nicotine. 


30 
COOH 
Cy cH 
SN“ 
105 
ant 
| | 
CH 
~ CH ~ 
CH; 3 , 
45 47 54 
he 
oY 
1. 50 3 
He a £0 CO 
S H H N 3 
2 49 oi | 
H 4 
Wows : 
N~ O | 
44 COOH 
36 
| 


7 ' 
nicotine (45) which is in equilibrium with nicotine A! (5)_iminium ion 
(105). The hydrolysis product of cotinine, y-(3-pyridyl)-y-methyl- 
77, 78 
aminobutyric acid (48), is found in the urine of dogs given nico- 
tine and is also found in the urine of smokers. Whether this acid is 
the precursor of or the enzymatic hydrolysis product of cotinine in vivo 
17 
has been the subject of some debate. However at least in in vitro 
rabbit liver preparations it has been shown that the rate of cotinine 
formation when the acid 48 is incubated is much too slow to account for 
the rate of cotinine formation when nicotine is incubated under the 
| 
same conditions. Another acidic metabolite of nicotine which has been 
| 
found in both in vivo and in vitro studies is 3-pyridylacetic 
acid. This acid is believed to be the end metabolite of nicotine. 


Cotinine is further metabolized at the carbon atoms a to the nitro- 


gen atom and to the carbonyl group of the pyrrolidinone moiety to give 


-84 


68, 85, 86 
trans~3-hydroxycotinine (50) | and y- 


8 
demethylcotinine (49), 
| 88 | 
(3-pyridyl)-y-oxo-N-methylbutyramide (51). Cotinine is also reported 
to undergo N-methylation and W-getdation at the pyridyl nitrogen to pro- 
duce the ah appa 53 and cotinine N-oxide (54). 


The enzymatic N-demethylation of nicotine to nornicotine (2) has 


84, 91-93 
not been well investigated. Although the in vivo and in vitro ; 


formation of nornicotine from nicotine has been reported, there is still . 


31 


> 


32 


somé controversy in the literature as to whether nornicotine is truly 

a hepatic metabolite of nicotine. Gorrod and Jenner failed to detect 
417 


nornicotine in their studies and stated in a recent extensive review 


of the metabolism of tobacco alkaloids that if the N-demethylation of 


nicotine to nornicotine occurred at all it must occur in the kidneys not 


_ liver. This sybject will be discussed in detail in the next chapter. 


2,94 


Nornicotine is further metabolized to demethylcotinine (49), 


and y- (3-pyridyl1)-y-aminobutyric acid (56). The pathway leading to 
these products have not been established. However due to the similarity 
of its structure with thet of nicotine, nornicotine is assumed to — 
metabolized by similar pathways. 


The in vitro metabolism of nicotine is linear with time up to 60 


69, 70 
minutes and is linear with substrate concentrations up to 0.3 mM. 

69, 70 
The presence of more substrate does not inhibit the metabolism. 


The extent of in vitro metabolism of nicotine was found to vary 


74 
greatly with the animal species used. In a series of experiments 


under otherwise comparable conditions it was found that guinea pig liver 


preparations gave at least 40% metabolism of nicotine and an average of 


80% metabolism was observed. However of the metabolites observed only 
15% is cotinine, most of the rest being nicotine N'-oxide (44). Rat 


liver preparations do not have as much capacity for metabolizing 


| 
a 


nicotine. The extent of metabolism was only 15%, of which 5% was 
cotinine. The average extent of metabolism with hamster end mouse liver 
preparations was about 30 to 40%. Cotinine and nicotine-N'-oxide ee 
found in about equal amounts. Rabbit liver preparations gave an average 
of 50% metabolism, 25% of which was cotinine while the N'-oxide formed 

7 a Seis than 10%. Thus it seems that rabbit liver preparations are the 
most suitable for etudigs of a-C-oxidation. In all agentes studied 


there was no reported difference in the metabolism of R(+) and S(-) | 


nicotine. 


33 
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Chapter IV 


RESULTS AND DISCUSSION 


A very powerful technique for studying drug metabolism utilizes 
specifically deuterium labeled substrates in conjunction with mass spec- 
trometry. This approach allows for the oftentimes facile detection and 
ai elucidation of metabolites and also for the invsationtion of 
reaction mechanisms via deuterium isotope effects. For this reason, a 
synthetic scheme was designed (Figure III) for the synthesis of nicotine. 
a) and its major siesbolite cotinine (3) which would provide for the 
s caidiaieted of deuterium at all sites of the five membered ring. The 
scheme also could be utilized for the synthesis of labeled nornicotine 
(2) with deuterium located at the Cy and C3! aa of the pyrrolidi- 
nyl axtety. 

In this synthetic sequence, myosmine (58) is the key intermediate. 
Myosmine is another important tobacco ee which also is gener- 


95 
ated by pyrolysis of nicotine during the smoking process. Myosmine 


96 

has been reported to be a metabolite of nornicotine in tobacco plants. 
Synthetically the imino functionality of myosmine provides an op- 

portunity to introduce deuterium atoms at Cy (by reduction) and C3 


(by exchange) of the five membered ring. This pathway requires conver- 


sion to the chiral nornicotine and hence dither an asymmetric reduction 


/ 
4 
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Figure III. Synthetic sequence for the syntheses of 
deuterated tobacco alkaloids. 


|_| 
| 
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or resolution if one is to work with the naturally i cineeia (S) enan- 
tiomer. An alternative to the pathway shown in Figure tI1 which does 
provide the required stereochemistry would be to synthesize (S)-nor- 

nicotine by the N-demethylation of the readily available (S)-nicotine. 


While this approach could not be used to prepare nicotine alkaloids 


labeled at the Cy» or Cz positions, it would provide an easy synthesis 


of these compounds labeled at the N-methyl, the Cy and the Cyr posi- 
tions. Unfortunately none of the attempts to N-demethylate nicotine 
113,114 


reported in the literature has been successful in obtaining the 


desired product in a reasonable yield. 


36 
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A. Synthetic studies. 


For our studies on the metabolism of nornicotine we desired sub- 
strates labeled at the™sites of probable metabolic alteration including 


the positions a to the nitrogen atom (Cy and Cs) and at Cz to study 


the yoteurss: metabolite 59, an isomer of myosmine. For these studies 


nornicotine-do, -3',3'=d2 and -2',3',3'-d3 were synthesized. 
Although nornicotine labeled at the 5' position could not be obtained 


by our synthetic approach, the metabolism of this compound was studied 


by using nicotine-5',5'-dy as the substrate. 


For our studies on the metabolism of nicotine the following sub- 
strates labeled all of the sites a gee nitrogen were synthesized: ~ 
nicotine-2'-d), and nicotine- 
N-methyl-d3. 

All of the above compounds were synthesized as racemic mixtures via 
myosmine and were used as such in metabolic studies. (S)-nicotine-5',5'- 
dy was synthesized from sai cclaiae via (S)-cotinine, through a séquence 


| 97 
of steps which does not involve the chiral center. 


3 
or 
| 
SN H 
59 
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Ze Myosmine (58). 


Several procedures leading to myosmine have appeared in the liter- 


98-102 
ature. The simplest is a free flame pyrolysis.of a mixture of 


100 
equal weight of calcium oxide and N-nicotinoyl-2-pyrrolidinone (60a). 


| 103 
The proposed mechanism is as follows: 


> 
FA 
60a 
co0- 
- C0, HO 
58 


The yield of the reaction was reported to be 65%. However, all our 
attempts to repeat this procedure failed. Even though extensive modifi- 
cations involving various heating techniques (such as a salt bath in- 


stead of a free flame), using specially purified calcium oxide; working 


entirely in a nitrogen atmosphere and using specially designed glass- 


0 
+2 
[ Ca 
Cad N 
‘ 

| 
| 
& 


~UMI 


ware (see experimental) were tried, the yield of myosmine as determined 


by direct gc analysis (3% OV-17, 70° to 235°C at-10° per minute) of the 
~ 
pyrolysate was consistently poor (8-10%). The need for a large amount 


99 
of myosmine encouraged the use of an older approach involving the 


condensation of ethyl nicotinate (61) with N-nicotinoyl-2-pyrrolidinone 


(60a), followed by acid catalyzed decarboxylation. 


dile HCI 
ZN COOEt 
6] 
conc. HCI S 
68 58 


39 


| 
0 
| 
62 60a 
63 
| Z 
SN 


40 


The first step in this synthesis is the condensation of the acyl 
chloride 62 with the secondary amide 63 to yield 60a. Titherly and 
Holden observed that the reaction of benzoyl chloride with acetamide 


yields acetonitrile and benzoic acid. The formation of CH3CN ruled out 


direct N-acylation and was consistent with a mixed anhydride intermedi- 


ate. 
CH;C=N + QCOOH 


The same authors also observed that the reaction between benzamide and 


acetyl chloride yields only N-acetylbenzamide. 


o—c 
CH.COCI 
64b 


105 
This was explained by the fact that the breakdown of the intermediate 
64a as shown was promoted by the generation of the stable benzoate ion, 


while the breakdown of 64b in the same manner would produce the much 


less stable acetate ion. Changes in the nucleophilicity of the nitrogen 


: atom in the intermediate 64 due to changes in the substituent on the a 


UMI 


| 
CH, 
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carbon may also be a factor. Challis and iin analyzed the data 

from the re of various acyl halides with a number of amides and ea 
concluded that aw reaction between an amide and an acyl halide general- 

ly preceeds by O-acylation and that N-acyl products arise by rearrange-. 
ment. With primary amides nitrile formation is favored by a reactive 

acyl halide ‘and by an enhanced stability of the expelled carboxylate ion. f 
’ With secondary amides where nitrile formation is impossible, O-N rear- 

rangement of the mixed anhydride intermediate occurs. Evidence support- 


105 
ing this type of intermediate is abundant in the literature. 


The formation of N-nicotinoyl-2-pyrrolidinone (60a) by the reaction 
| of nicotinoyl chloride and 2-pyrrolidinone (63) is therefore believed to 


proceed through the O-acyl intermediate 65 as shown below. 


SN 
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99 . 
This reaction has been used successfully by Korte and Steinen and by 
100 

Mundy, et al. to obtain 60a in yields of 50% and 73% respectively 
based on the amount of nicotinoyl chloride used. However our first 
attempts to repeat Mundy's procedure gave only a poor yield of a white 
crystalline solid whose melting point (92°-93°C) did not agree with that 

100 
reported for N-nicotinoyl-2-pyrrolidinone (104°-105°C ). The eims 
(electron impact mass spectrum) of this crystalline material indicated 

| 
the molecular weight to be 152 and its NMR spectrum in deuterated 
chloroform (Figure IV) failed to show aromatic protons in the molecule 
thus ruling out the presence of a pyridyl moiety. The mass spectrum and 
NMR spectrum evidence seemed to suggest that the product obtained was a 
pyrrolidinone dimer. Apparently the thionyl chloride left in the reac- 
tion mixture was causing the 2-pyrrolidinone to dimerize. 
Pyrrolidinone dimers have previously been reported as the product 


106 
from reactions done under similar conditions. Castagnoli obtained a 


white crystalline material (mp 57.2°-59.0°C) as a by-product from the 


reaction of pyrrole with 2-pyrrolidinone in the presence of phosphorous 


oxychloride. An infrared spectrum of this material was reported to have 


1 


two strong absorption bands in the double bond region (1714 cm ~~ and 


1622 om), On the basis of the similarity of the mp and ir, this _ 
0 


matérial was believed to be the same as the compound previously obtained 


42 


107 
by Brederick from the reaction of 2-pyrrolidinone and phosphorous 


oxychloride in benzene. Brederick had assigned the structure 66a to 


this material. However, Castagnoli tentatively assigned it the struc- 


ture 66b on the basis of its uv (A max 226 nm, € 13520) and its absorp- 


tion in the NH region of the ir (between 3610 cat and 3311 ca’). The 
structure 66b is also analogous to the structure 66c which is formed by 
the self-condensation of N-methyl-2-pyrrolidinone in the presence of 

In spite of the aiutlerity of our conditions to those of Castagnoli 
and Brederick (SOCl2 vs POC13 the dimer we obtained 
does not appear to be the same. There is nearly 35°C difference in the 
melting points (93° vs 59°C) and a direct comparison of our nmr spectrum 
given by Castagnoli in the same solvent shows 


ences in spite of a general similarity. On the basis of our ir, nmr and 


eims data we have assigned structure 66d to the pyrrolidinone dimer we 


« 


obtained. | 
H 
/ 


66c: R= CH, 
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The ir spectrum of 66d showed three equally strong sharp absorption 


1 1 


bands at 1720 cm, 1630 cm and 1400 cm which were assigned to the 
. stretching vibrations of a C=0 bond, a C=C bond and to the seabten | 
vibration of a substituted vinylic C-H bond respectively. Unfortunately 
the spectrum was taken in CHCl3 and te ts not possible bo daabs wheth- 
er there is aa absorption in the NH region.. However the ~— spectrum 
in CDCl3 (Figure IV) showed a singlet at 3.55 ppm integrating for one 
proton which was essigned to an exchangeable proton on nitrogen. The 
nmr also showed the presence i a one proton triplet at 5.05 ppm (J=3 
Hz) which was ssstgnaé to the vinylic proton. The remaining nmr ae 
ments are given in Table I. 

The mass spectrum showed a strong seitecutar ‘tin (m/e 152, 93.7% of 
the io with a base peak at (M-1]* due to the loss of a hydrogen radi- 
cal. Other significant peaks were at a/e-123 (22% of the cn of 


CO or CoH, from the [M-1]* peak), at m/e 97 (87.5% of the base, loss of 


0=C-CH=CH2 from M’) and at m/e 68 (53% of the base, see below). 


H 


m/e 123 3 m/e 97 68 
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Table I 


NMR assignments for N- (A?-pyrrolinyl)-2-pyrrolidinone 


a 


Protons 


UMI 


| 
E 
F N 
H 


Chemical shifts, ppm. 


5.05 (t, = 3-Hz) 


DE 


4.1 (t, 


= 9 Hz) 


8 Hz) 


2.95 (t, Jop = 8 Hz) 


2.68 (d of t, J... = 3.Hz, 


ED 
Jer = 8 Hz) 


2.1 (m) 


3.55 (s) 
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A schematic mechanism by which dimerization of 2-pyrrolidinone can 


occur is as follows: 


Therefore it is important that all traces of thionyl chloride be removed 
from the reaction mixture before the 2-pyrrolidinone is introduced into 


the reaction mixture. This was accomplished by co-distillation with dry 


benzene. After the removal of the excess SOCl>, the reaction between - 
nicotinoyl chloride and 2-pyrrolidinone was carried out according to the 


‘ 


conditions given in the literature. The course of the reaction was fol- 


lowed by tle and gc-eims. The results suggested that the major compo- 
“4 


nent of the reaction mixture before work up is the desired product N- 


_ nicotinoyl-2-pyrrolidinone (60a). However, after acid base extraction 


| 
ah: 
N 
H 
H cl 
1, 
HN 
p 7 
0 
66d 
SC 


UMI 


of the reaction mixture the amount of 60a obtained was very small (21%). 


_In order to increase the recovery, we carried out the extractions.of 60a 


A 


in water with dichloromethane over the pH range of 2-11. The results of 


this experiment as shown in table II suggested that the optimum pH for 


the extraction is around 4. 


Table II 


Recovery of N-nicotinoyl-2-pyrrolidinone (60a) by extrac- 


tion into CHjCl> from aqueous solutions at various pH's. 


pH ell 3 4 9 11 11+3 


% Recovery 63.4 83.6 91.5 $2.2 ° 26.8 86.2 


An explanation for the fall off in recovery at basic pH is that the 


' product 60a undergoes hydrolysis at one of the two amide linkages. In 


the TA eon the last entry 6f the Table, the pH of the 
solution was first ima 11, the resulting solution was allowed to 
stand for one hour and -then the pH was readjusted to 3 and the extrac- 
tion was carried out. The result ae that a high recovery (86%) of 
~— obtained. This indicates that if 60a undergoes ring opening at 


basic pH the process must reverse at acidic pH. 


48 


|| 
y 


Basic 


Acidic 


60a 


With the modidied amounts of reactants and modified workup proce- 
dure the yield of 60a after repetitive fractional crystallization from 
benzene and from ethyl acetate was 79% based on nicotinoyl chloride and 
54% based on nicotinic acid. The product was a white needle-like 

100 
crystalline solid with a melting point of 103°-105°C (lit. 104°- 
105°C). . The eims showed the correct molecular ion at m/e 190 (35%) 
and fragment ions which are consistent with the assigned structure. 


The fragment ion at m/e 162 (24.7%) is due to a loss of CoH, from the 


molecular ion. The structures of the m/e 106 (100%) and m/e 78 (74.2%) 


ions are shown below. 


0 


N 

m/e 162 m/e 106 . m/e 78 
The nmr spectrum of 60a in deuterated chloroform (Figure V) dis- 


played between 7.2 ppm - 9.0 ppm the characteristic splitting pattern - 


of the four aromatic protons of a 3-substituted pyridine (see Section 
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A.5). A two proton triplet at 3.9 ppm (J=6.5 Hz) was assigned to the 


two protons a to the pyrrolidinoyl nitrogen and a four proton multiplet 


from 1.8-2.9 ppm was assigned to the methylene protons at C3 and Cy. 


The preparation of myosmine (58) from N-nicotinoyl-2-pyrrolidinone 
(60a) consists of the following two steps: (i) a Claisen ester conden- 
sation between ethyl nicotinate (61) and 60a followed by (ii) hydrolysis 


and decarboxylation of the condensation product in concentrated HCl 


99 
according to a procedure reported by Korte and Steinen. These authors 


suggested that the base induced reaction of 60a and 61 gave 1,3-dinico- 


tinoyl-2-pyrrolidinone (67) which upon heating at reflux in dilute HCl, 


gave 3-nicotinoyl-2-pyrrolidinone (68). However no characterization of 


67 and 68 was reported. 


When the reported procedure was repeated the compound 67 was not 


isolated. The nmr spectrum of the crude, thick brown oil obtained from 


the condensation showed a splitting pattern and integration which were 


different from those expected for 67. The nmr in CDC13 of the purified 


white crystalline product (mp 99°-101°C) obtained from the oil is shown 


in Figure VI. The spectrum displayed between 7.0-9.0 ppm the character- 
istic signals for four protons of a 3-substituted pyridine. There is 
one exchangeable proton at 7.68 ppm which is assigned to a proton on the 


nitrogen. The one proton quartet at 4.4 ppm and the two multiplets from 
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53 


2.0 ppm to 3.7 ppm integrating for four protons are assigned to the 
| 


protons of the pyrrolidinone moiety. ‘A cims (chemical ionization mass 
spectrum) showed the molecular weight to be 190 and CHN analysis was 
consistent with the formula C)}9H)9N202). The ir spectrum showed two 


strong bands at 3440 cat and 3325 cm | which are assigned to the non- 


hydrogen bonded and the hydrogen bonded N-H stretching frequencies of a 


109 
secondary amide. On the basis of these data the condensation product 


isolated is assigned the-structure 3-nicotinoyl-2-pyrrolidinone (68). 
The isolation of 68 has been che sole evidence for the formation of 67. 
probably the amide linkage in 67 is hydrolyzed to 
produce 68. A proposed mechanism for the formation of 68 from 60a is 
shown on the following page. 

The acid catalyzed decarboxylation at D-aleetinig!~D-pyrreli@iness 


(68) in concentrated HCl proceeds smoothly to, form myosmine which can be 


98 
' reerystallyzed from ether (39°-41°C, lit. 45°C) in 63% yield. The 
3 


ir spectrum of myosmine showed a medium absorption band at 1620 cn? due 
. 109 
to the stretching vibration of a conjugated C=N bond. The eims of 


myosmine is very simple. It contains three significant ions at m/e 146 


(83%), m/e 145 (43.8%) and a base peak at m/e 118. The mass spectral 


fragmentation of myosmine according to Duffield, et al. is shown 


below. 


7 


| 54 
R H NeH R N 
0 6 o 
60a 
H 
R R R R 
N 
67 
R R R | 
| 0 0 
| + 
0 N 0 N~ ~O 
p 
R“So 
69 
| H,0 
R | 
| 0 
0 
H | 
68 
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m/e 145 


+ 
C=N=CHp 

> | 


m/e 118 


The nmr spectrum of myosmine in CDC1l3 displayed the typical signals 
of the four aromatic protons characteristic for a 3-substituted pyridine 
at 7.0-9.0 ppm. Additionally a triplet of triplets at 4.1 ppm, a dis- 
torted triplet of triplets at 3.0 ppm and a pentet of doublets at 2.1 
ppm each integrating for two protons were observed. The assignments for 


these multiplets are shown in figure VII. 


A possible mechanism to account for the transformation of 3-nico- 


tinoyl-2-pyrrolidinone to myosmine is shown below. The amide linkage of 


68 undergoes acid catalyzed ring opening to the f-ketoacid 70 which 


‘spontaneously decarboxylates to the ketone 71. This y-aminoketone 71 


then closes to produce myosmine (58). 
| 


UMI | 


|_| 
+. 
Sn 
146 
+ “CH, 
-C.H 
+ 
N 


56 
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There has appeared very recently in the literature a similar pro- 


a for the preparation of myosmine which may be superior. In 
this procedure ethyl nicotinate (61) endeuanes base induced ester 
N-vinyl-2-pyrrolidinone (60b) instead of with N-nico- 
tinoyl-2-pyrrolidinone (60a). These authors believed that the conden- 
sation proceeds via 1-viny1-3-nicotinoyl-2-pyrrolidinone (67b) . How- 


ever no characterization of 67b was reported. \ 


co— 
N 


60b: R = —CH=CHp 


57 
R R 
0 + 
™ 
0 0 
H 
68 70 
4 ti NH, 
| ~ H 
58 


58 


| 
(> 
0 


The yield of myosmine by this route is reported to be 63%. The advan- 
tage of this approach is that the N-vinyllactam 60b is commercially 


available while the N-acyllactam 60a is not and the preparation of 60a 


is the most difficult and tedious step of the entire synthetic sequence. 


= 
0 
+ 
Sn 2. OH N 
58 


59 


2. Nornicotine (2). 


—7\, Nornicotine is thought to be one of the main metabolites of nico- 


tine (see section C.2.g). Additionally, nornicotine is a major 
95 

tobacco alkaloid in some forms of tobacco. Consequently, the prep- 
aration of nornicotine was one of the major synthetic goals. 

The chemi bel synthesis of nornicotine has been known for a long 
time. The first reported synthesis of nornicotine was by French workers | 

in 1927. In this synthesis, nicotine N'-oxide was transformed into 
N-acetylnornicotine by treatment with acetic anhydride and free nornico- 
tine was obtained upon adding K2C0O3. However the properties of nornico- 
tine described by these workers did not en by 
1 

German workers in 1930. Their method was to remove the methyl group 
of nicotine by heating (S)-nicotine with a high boiling organic acid ' 
such as benzoic acid or preferably hydrocinnamic acid. This reaction . 
was reported to yield both nornicotine and metanicotine (72). Unfort- 
unately, the nornicotine obtained by this method had an [a], of only 


-5. 


UMI 


= 
91-93 
Z 3 
~ 
72 | 
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Methods to prepare optically pure nornicotine were sought by Spath, 


114 
et al. The first method they developed involved oxidation of (S)- 


nicotine by KMn0O, to yield crude nornicotine with an [a ]Fo= -76.1°. 
ee ee this material as the perchlorate salt, the nornico- 
tine recovered gave an [a)?° = -83.2°. The second method used AgNO3 as 


the oxidizing agent. The crude nornicotine obtained by this method had 
an [a]#0= -40.0°. The free nornicotine obtained after recrystallization 
of the picrate salt gave an [a ]F°= -88.8°. No optical rotation higher 
than this value has ever been reported for nornicotine. Unfortunately, 
the yields of nornicotine by these two methods were less than 10%. 

In 1933, American workers reported a seven step synthesis of nor- 

nicotine starting with pyridine. This synthesis proceeds via the 
Grignard reaction between 3-cyanopyridine and y-ethoxypropyl magnesium 
bromide followed by oxime formation of the resulting ketone with 
hydroxylamine. Nornicotine was finally obtained by the cyclization of 
1-(3-pyridyl)-1l-amino-4-ethoxybutane. The syntheses developed in later 

99-102 | 

years all have myosmine as the key intermediate. Hydrogenation 


of the imino functionality of myosmine affords racemic nornicotine. 


Since nornicotine is chiral at Co , we desired a synthetic procedure 


which would lead to the (R)- and (S)-compounds and which could be adapted 


to the synthesis of deuterionornicotines. Thus efforts were made to 


UMIi 


; 


61 


prepare optically active nornicotine by an asymmetric reduction of 
myosmine. 

(-)-Diisopinocampheylborane (73) which is readily synthesized from 

117 
borane and (+)-a-pinene (74), was reported to reduce olefins to 
optically active alcohols whose configuration agreed in most cases with 
those predicted. The optical purities of the resulting alcohols were in 
117 
the range of 65-91% for cis olefins and 13-22% for trans and hindered © 
118 

olefins. The hydroboration of myosmine with this chiral reagent 73 


117 
was carried out according to the procedure outlined in the literature. 


The yield of nornicotine as determined by a gc analysis was less than 


8%. The enantiomeric composition of this nornicotine was determined 


using pentafluorobenzoyl-(S)-prolyl imidazolide (PFBPI, see Section A.4). 


This analysis showed that the reduction of myosmine by 73 is not stereo- 


selective. 
H.C 
3 
CH, 
RN R= 
H 
74 73 


119 | 
Zweifel, et al. found that 73 and its dimer tetraisopinocam- 


pheyldiborane (75), appear to exist in equilibrium with triisopinocam- 


| 

f 


pheyldiborane (76) and (-)-a-pinene (74) 


R~ R° “H R 
73 75 
| 
C, ks RL 
Product B + 74 
| R H 
76 
H.C 
; 3 
CH, 
R= 


It is to be expected that k3 is larger than k, because 76 is a sain 
hindered molecule than 75. Therefore the rate of reduction is deter- 
atned by k,; or ko. If k; is greater than ky, which will be true when 
the bond to be reduced is not hindered, the reduction will take place 
via path A and the product will have high optical purity. iaiaie: if 
the bond to be reduced is hindered, kp will be greater than k), the 


reduction will occur via path B and C and the product will have a low 


optical purity. The reduction of myosmine to nornicotine seems to 


id 62 
K 
5 | 
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follow the second path. When a large excess of 74 was used to suppress 
the dissociation of the hydroborating reagent (path B) no enreicotine 
was detected and myosmine was recovered unchanged. 

Another ibecibdbites reagent tried was lithium methyl-(hydro)- 
dipinan-3a-ylborate (77). This compound was reported to reduce the C=N 
bond of a series of 5 (78) to the 


120 
corresponding (R)-2“alkylpiperidines (79). 


Ces 
N~ *R’ N~ 
73 79 


The authors suggested that the carbon atoms of the tetrahydropyridine 
ring are bulkier than the substituents R' in 78 since the smaller the 
R' group used the greater was the induced chirality (optical yield: 20- 
25% when R' = -CH3; 3-4% when R' = ~CH»CH3 or -CH2CH2CH3). 

rt is not clear from a molecular model of myosmine gina les 
pyridine or the pyrroline moiety is bulkier. Furthermore according to 


molecular models, as myosmine approaches the boron-hydrogen bond in the 


= 
R 
H 
77 
| 
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model of 77 severe steric hindrance becomes apparent. Thus it was ex- 
pected that if nornicotine was formed at all by this method ere epetent 
purity would be very low. When the reaction ae these expec- 
tations were borne out. The aie of the reaction was followed by gc 
over a period of four days. Even at the end of this time the gc analysis 
showed that less than half had been converted to 
tine. The recovery of nornicotine upon workup was also poor (<10%) per- 
sige because - the difficulty in removing the diglyme used as solvent. 
The derivatization of the product with the chins deen reagent tri- 
fluoroacetyl-(S)-prolyl chloride (TPC, see Section A.4) showed that 
there was no stereoselectivity in the reduction. In view of these poor 
results, attempts were abandoned and other 
methods of reducing roca to nornicotine were sought. 


Hydrogenation of imines to amines usually proceeds readily over 


121 
metal catalysts. 
H H 
H / 
-C—N 
/ \ M : | \ 


Successful catalytic hydrogenation of myosmine with palladous oxide in 


| 101 
ethanol has been reported with a 93% yield of nornicotine. However 


catalytic deuteration of myosmine in ethyl acetate gave nornicotine 


65 


111 
which was only 65% d, and 35% do. Presumably the low deuterium incor- 


143 
poration is due to acetic acid or ethanol contaminants in ethyl acetate. 


5 The reduction of imines with sodium borohydride has been reported 


122,123 
and in many cases good yields were obtained. . Among these is the 


reduction of 5',5'-dimethylmyosmine (80) to the corresponding dimethyl 


123 
4 substituted nornicotine 80a. 
N CH 
CH,0H 3 
H50 
80a 


Myosmine was succesfully reduced to nornicotine by NaBH, in 
methanol-water according to the literature procedure outlined for 80. 
A crude yield of 95% was obtained. Since the desired compound is 
nornicotine-2-d, (2a), conditions for the reduction of myosmine in a 
non protic solvent with NaBD, were considered in order to avoid possible 
124 
deuterium loss. However the work of Craig and Lee has shown that 


such precautions are unnecessary. These workers found that the reduc- 


tion of 2-methyl-A!piperideine (81) to 2-methylpiperidine-2-d, (82) 


with sodium borodeuteride in CH30H and H20 took place without significant 


loss of deuterium at the 2 position. This result is not surprising in 


. 
. 
& 

‘ 

fi 
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view of the findings of studies on the exchangeability of seccneieetad 
sida this exchange does occur competitively with hylrolysis at 
acidic pH, the rate of exchange i basic pH is very slow. It is known . 
‘aut NaBH, reacts Kae water ia form hydrogen gas and NaBO»> in smali 
amounts. ‘After a short time the pH of the solution increases to about 

9 due to the creation of the metaborate ion and the evolution of wire 
gen iim Although the formation of a basic solution protects 
sodium borodeuteride against exchange it can have unexpected side — 
effects ai ea When the reduction of 81 by NaBDy was carried out in 
CH30D and D20, an excess deuterium incorporation was observed due to the 


124 
exchange of the protons on the allylic carbon. 


a 
x 
ul 
olo 
=r 

ao 
x 


We were able to make use of these observations not only to prepare 
nornicotine-2'-d, but also through an allylic exchange to prepare nor- 
nicotine-3',3'-d2 (2b) and nornicotine-2',3',3'-d3 (2c) via myosmine- 


(58a). 


| 
3 
8) 
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The reduction of myosmine by NaBD, in CH30H and H20 proceeds smooth- 
ly to yield the) in good yield and with the 
incorporated exclusively at the 2' position of the pyrrolidine moiety as 
desired. The nmr spectra of nornicotine-dg and -2'-d, are shown in 

figures VIII and IX. The integration indicates about 95% deuterium 
incorporation which is consistent with the isotopic purity of the NaBD, 
used. The eims indicated that not more than 7.7% of nornicotine-dg was 


present. 


* 


101 
Haines, et al. reported that myosmine reacts instantaneously 


with phenylhydrazine, hydroxylamine and semicarbazide to form carbonyl 
-" derivatives of the y-aminoketone 71. Thus it was suggested that myos- 


mine exists in equilibrium in water with its open chain form 71. 


83b 83c 


UMI 


| = 
H H 
H H 
NH NH 
58 71 83a 
/ \ 
NH NH on 
“a N 2 Aa N 2 
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The open chain form 71 of myosmine possesses two hydrogen atoms 
next to the carbonyl group, which are acidic enough to be exchanged with 
D20 under the influence of in such as KoC03. The corresponding 
hydrogen atoms in the cyclic form, myosmine (58), also may be acidic 
enough to exchange under the same conditions. In any case, an nmr spec- 
of myosmine in D20 showed that after 
one day at 100°C there was a complete conversion to myosmine-3',3'-d»> 
(see Figures X and XI). 

The eims of myosmine-dg and sedated. shown in Figure xi 
are very similar. It is only in the region of the molecular ion hee 


the m/e peak shifts are observed. Unfortunately, the M-1 and M-2 ions 


are quite intense and lead to overlapping ions in a mass spectrum of a 


_ mixture of the.dg, d,; and dz compounds. Thus it is difficult to deter- 


mine the isotopic composition of myosmine-3',3'-dy from the eims. The 


deuterium exchange of myosmine under basic conditions provides an easy 


way to prepare in high yields labeled nornicotines suitable for meta- 


bolic work. Reduction of myosmine-3',3'-d with NaBH, gives nornico- 
tine-3',3'-d2 (2b) while reduction with NaBD, gives nornicotine-2' ;3',3-. 


d3 (2c). 
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Figure XII. The ei mass spectra of myosmine-dy (top) and of 
myosmine-3',3'-d> (bottom). 
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74 
The mass spectra of nornicotine-dg, -2'-d,, -3',3'=do and 
<2' 3°, 3%<ds are presented in Figure XIII and Figure XIV and the inten- 


sities of the important ions are shown in table III. The eims of the 


do and 2"-d) species agree well with the spectra reported in the liter- 
111 

ature. The eims of the 3',3'-do and 2',3',3'=d3 compounds have not 

previously been reported. The following scheme shows the mass spectral 


111 
fragmentation of nornicotine according to Duffield, et al. 
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Figure XIII. The ei mass spectra of nornicotine-dg (top) and of 
nornicotine-3',3'-dy (bottom). 
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Figure XIV. The ei mass spectra of nornicotine-2'-d, (top) and of 
nornicotine-2' ,3',3'-d3 (bottom). 
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Table III 


Relative intensities of important m/e peaks in the ei-mass 


spectra of nornicotines. 


2',3",3'=d3 


m/e 


77 
|_| 
A 
D D | 
D D 
H H H H 
do 2"=d) 3" ,3'=d2 
148 23.0 149 30.2 150 27.9 151 34.8 
147 32.0 ° 148 15.0 149 33.7 150 13.1 
| 146 147 17.6 148 3.4 149 17.0 
145 7.0 146 1.5 147. 1.1 148 2.0 
119 100.0 120 100.0 119 100.0 120 100.0 
70 90.0 71 100.0 72 90.7 73 100.0 
69 3.0 71° 3.9 72 11.6 
69 4.6 2.3 
| 69 70 2.3 
| % 
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The eims of and -3' a large m/e ion at M-1 
while the eims of nornicotine-2'-d, and -2',3',3'-d3 show prominent m/e 
ions at M-l and M+2. This indicates that the loss of one mass unit from 
the molecular ion of the do caigaaad not entirely due to the hydrogen 
at C> but is also pia to hydrogen losses from other parts of ea mole- 
cule. This is in agreement Cath Duffield's a which indicate . 
that only 55% of the M-1 peak for nornicotine is eee to the hydrogen 

at Cy» . This explains the complex patterns which are seen in the region 
of the molecular ion " the mass spectra of the deuterium labeled nor- 


nicotines. 


The base peak at m/e 119 is also unsuitable for isotopic composi- 


‘tion analyses since it does not shift in the do case. The only prom- 


inent fragment which can be used to monitor the relative amounts of do, 


d;, do and d3 species is the pyrrolidinium ion 84 at m/e 70. 


ix 


(m/e 70) R, = Ro = R3 =H 


(m/e 71) R,; = D, Ro = R3 = 


84b (m/e 72) Ry, = H, Ro = R3 =D 
84c (m/e 73) Ry, = Rp = R3 =D 


; | = 
| 
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Unfortunately, the interpretation of the relative ion currents 


observed in this mass region is not straightforward. The eims of nor- 


be 


7 111 
that this means 7.7% i species is present. Duffield, et al. reported 


that oniy 90% + 5% of the m/e 70 ion shifts to m/e 71 in nornicotine-2'- 
d, even correction for the do It shoul noted 
ain that the nornicotine-3',3'-dp2 spectrum shows ino 70 to m/e 72 
ratio of 2.3% even though it is statistically unlikely that any dp 
species is present. 7 is unlikely that there is more than 4% nor- 
nicotine-do in the nornicotine-2'-d, sample. 

- In the spectrum of nornicotine-3',3'-d> an m/e 71/72 ratio of 4.1% 
is observed. Again it is ‘to at that ass of the m/e 71 ion is really 
due to a d; impurity. 

The mass spectrum of nornicotine-2',3',3'-d3 shows that the ratio 
of m/e 72 to m/e 73 is 11.6%. This suggests an isotopic ina of 
about 94% d3 and 6% do with most of the deuterium loss being at Cp»! rather 
than Cy. This is confirmed by the nmr spectrum of nornicotine-2',3',3'- 


d3 in CDCl3 (Figure XV) which shows about 8% of the integration for a 


single hydrogen at Cy» (signal at 4.1 ppm). 


nicotine-2'-d, shows an m/e 70/71 ratio ‘of 7.7%; however it is doubtful 
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3. Derivatization of nornicotine with chiral reagents. &: 


The use of chiral derivatizing tities nen proved useful for the 
determination of enantiomeric composition and the analysis of the stereo- 
128 
selectivity operating in the metabolism of certain drugs. This method 
' depends upon the derivatization of enantiomers witha chiral reagent to 
generate diastereomers. With the chiral the diastereo- 
‘meric derivatives can be quantitatively analyzed by gas chromatography. 
Initial attempts to prepare diastereomers of nornicotine using 
give sufficient reaction even after several hours at elevated tempera- 
ture. Fortunately, commercially available N-trifluoroacetyl-S-(-)- 
‘prolyl chloride (TPC, 85b) gave excellent results; the derivatization 
ohn less than ten minutes. The following page shows a typical gas 
chromatogram of the diastereomeric TPC-derivatives of nornicotine. This 
method was _ to follow the attempted resolution of noraicotine dis- 


cussed in the next section. 


| 81 
fe | 
CAA a: R= ’ R, = 
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Figure XVI. The gas chromatogram of racemic nornicotine as the 
diastereomeric TPC derivative on 3% OV-17 at 260°C isothermal. 
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4. Resolution of nornicotine. 


In order to obtain optically pure deuterium labeled (S)-nicotine 
we required anthode for the resolution of either nornicotine or atestine 
itself. 

The resolution of racemic nicotine with d-tartaric => was report- 
ed first in 1904. However it was found that the tartrate system is 
particularly difficult to work with because of the various kinds of 
salts obtainable. Both and acidic with or without H20 
of crystallization are known. These early workers reported that in 
ethanol or aqueous ethanol, a mixture of aaa is obtained. Therefore 
recrystallization from ethanol water mixtures js not suitable for a 
proper resolution even though a high yield of a nicely crystalline 
material can be obtained. According to these same workers only the bi- 
tartrate dthydrate salt is formed in water and it is by forming this 
salt that nicotine can be resolved. A partially successful attempt was 
made to repeat the early work. However, it took three weeks for the 
crystals to appear and the yield was poor (<2%) due to the high water 


solubility of the bitartrate salt. This result was very discouraging | 


especially considering the small amount of deuterated nicotine available. 


In any case there are two major advantages to performing the resolu- 


tion at the nornicotine step: the course of the resolution can be 
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followed by the gc method and the resolved nornicotine itself would be 
useful in metabolic studies. 

Optically pure (S)-nornicotine has been usually obtained by frac- 
tional eecryetéitisetics of the STmasihe salt of the partially re- 


solved nornicotine isolated from tobacco or from the chemical demethyl- 
ation of natural (S)-nicotine. er Obviously neither of these 
methods was suitable for the resolution of the deuterium labeled nor- 
nicotines. Thus much effort was spent on developing a suitable acid to 
resolve nornicotine. The following ten common resolving acids were 
tried: (+)-malic acid, (-)-mandelic acid, (+)-3-methyladipic acid, 
(-)-menthoxyacetic acid, di-p-toluoyl-(+)-tartaric acid, (S)-2-pyrroli- 
dinone-S-carboxylic acid, dibenzoyl-(+)-tartaric acid. H20, (-)-o- 
_nitrotartranilic acid, (+)-10-camphorsulfonic acid and (+)-tartaric acid. 
However no satisfactory cial were ae as determined by he TPC 
deiitinitiaeliais gc method. Finally the resolution of nornicotine with 


(-)-6,6'-dinitro-2,2'-diphenic acid (86) according to a reported pro- 


131 
cedure was attempted. 


HOOC COOH 
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The four step synthesis of the acid 86 starting from 2-chloro-3- 

132 
nitrobenzoic acid was carried out according to a literature procedure. 
The resolution of 86 with (-)-quinine was accomplished by recrystalliza- 


tion of the salt three times from isopropyl and ethyl alcohol mixtures. 


A white salt was obtained with a melting point of 224°-226°C. Libera- . 


tion of the free acid gave a white crystalline solid with [a], = -125° 


133 
(lit. [a] = -126°). 

The resolution of nornicotine using this acid gave a yellow crystal- 
line solid from methanol (326 mg from 480 mg of total salt) with a 
melting point of 202°-204°C after one crystallization. Free nornicotine 
(30 mg, 40.5%) was obtained after decomposition of the diastereomeric 
salt with saturated potassium carbonate solution. The low recovery of 
nornicotine could be due to the reaction between nornicotine and. the 
solvents diethyl ether and dichloromethane used for extracting (see 
Section C.2.c and g). The nornicotine thus obtained gave an [a], = -49° 

130 | 
(lit. [a], = -~88.8°) which is identical to the result obtained by 

131 | | 

Sputh and Kesztler using the same procedure. They obtained nornico- 
tine of even higher optical rotation by crystallization of the partially 


resolved nornicotine as the diperchlorate salt. 


‘Unfortunately the TPC derivatizing reagent which was to be used to 


follow the resolution of nornicotine was not available at the time of 


86 


completion of this work. Further work will be required to complete 


this aspect of the nicotine metabolism program. 


\ 
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5. Nicotine (1). 
Tertiary amines with at least one methyl group are often conven- 
| 134 
iently prepared by the Eschweiler-Clark method. This is a reaction 


between a primary or a secondary amine and formaldehyde followed by 


reduction with formic acid. 


| 


Nicotine has been synthesized from nornicotine by this method in 
138 81 89 
high yield. However this réute is not economical for the prep- 
aration of nicotine-N-methyl-d3 (la) and for this reason the literature | 
method for preparing la using trideuteriomethyl iodide in methanol was 


135 | 
examined. Craig, who developed this procedure, obtained nicotine- 


111 
N-methyl-d3 in only 18.5% yield. Duffield, et al. used this procedure 


to prepare la for the mass spectral fragmentation studies of the tobacco 


alkaloids. The yield obtained was 33%. The results of our experiments 
using Craig's procedure were comparable to Duffield's. After workup, a 
mixture of nicotine and nornicotine was obtained in a one to one ratio. 
However this material _— for only about 65% of the starting nor- 
nicotine. The rest of the nornicotine was probably further methylated 


to quaternary salts. Although the reaction is clean, the low yield and 


‘the difficulty in separating nicotine from nornicotine made this proce- 


| 
‘ 


88 


dure unattractive. 
Another method of preparing N-methylamines is via the reduction of 


the corresponding carbamates with lithium aluminum hydride. This reac- 


136 
tion usually proceeds in yields of at least 70%. 


137 
Recently Marshall and McMahon prepared nortriptyline-N-!"CH3 


using ethyl chloroformate-!4c as well as nortriptyline-N-CD3 and -N-CT3 
using lithium aluminum deuteride and tritide, respectively. 

The carbamate reaction sequence il found to work equally well for 
the synthesis of nicotine. Ethyl chloroformate was added to nornicotine 
in the presence of triethylamine at room temperature. After filtering. 
off the triethylamine hydrochloride, a bulb to bulb distillation gave 


the expected carbamate as a colorless liquid in a yield of 80%. 


il 
cl— C—OEt 
87 
LiAIH 
CH, 
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The N-ethoxycarbonylnornicotine (87) structure assignment was con- 
firmed by spectral data. The infrared specrum showed an intense band at 


1 


1710 cm for the stretching vibration of the C=0 bond. The nmr spec- 


trum in CDCl; indicated that the molecule contained a 3-sybstituted 

pyridine moiety (signals from 7.0 to 9.0 ppm). The presence of an 
ethoxy group was indicated by a two proton quartet at 4.0 ppm and a three 


proton triplet at 1.1 ppm with a coupling constant of 6.5 Hz. The seven 


protons on the pyrrolidine ring were accounted for by a one proton 


doublet of doublets at 4.9 ppm (A), a two proton triplet at 3.6 ppm (D) 


and a four proton multiplet from 1.6 to 2.5 ppm (B & Cc). 


B C 
D 
COOCH,CHs 
87 


The electron impact mass spectrum (Figure XVII) showed the correct 
molecular weight for N-ethoxycarbonylnornicotine at m/e 220 (34.82%). 


The fragmentation observed is rationalized by the scheme shown below. 


mM’ 220 


[A | m/e 191 (100%) m/e 147 (60.0%) 


—— 


m/e 142 (51.5%) 
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The overall yield of nicotine obtained by LiA1H, reduction of 87 
followed by short path distillation was 73%. When lithium aluminum 
deuteride was used, nicotine-N-methyl-d3 was obtained. The eims of 


“ 


nicotine-dg and -N-methyl-d3 agree with those reported in the literg- 
111 
ture. ° The isotopic composition of nicotine-N-methyl-d3 as determined 
by mass spectrometry. was found to be 94% d3 and 6% do (see analysis 
later). 
The synthesis of nicotine with deuterium atoms at Cs' was accom- 


| 97 
plished by oxidation of nicotine to cotinine followed by reduction 


of cotinine with lithium aluminum deuteride. 


Br 
Br, Br 
an 
HOAc 
CH, 
88 
Zn | HOAc/ 
Vv 
D LiAID, 
ro 


Sy 
a 

3 N 3 
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The exact mechanisms of the oxidative bromination of nicotine and 
the reductive debromination of 3,3-dibromocotinine (88) by zinc are not 
well understood. Therefore evidence that the three methyl protons and 
the protons at Co and C3 in nicotine (Cs and Cy, in cotinine) are not 

‘subject to loss or exchange with the medium during is dene of the 
reaction was sought. 

In one experiment the deuterium bromide perbromide salt of 3,3-di- 
bromocotinine (88*DBr*Br>) obtained from nicotine in deuterated media 
was converted to cotinine in seetie solvents. In another experiment the 
perbromide salt made in protio solvents was pana” to cotinine in 
deuterated solvents. The two samples of cotinine — — 
and by nmr for possible exchange of protons or deuterons. 

The spectral data of ot first mektnine sample were identical to 7 
those of cotinine-dg; no detectable incorporation of deuterium into the 
molecule had occurred. The ei mass spectrum and the nmr spectrum in 
CDC13 of the second coxinted ailigia. obtained from the debromination of 
88 in deuterated is to those of in Fig- 
ures XVIII-XX. ‘The nmr integration shows that two deuterium atoms had 


been introduced into the cotinine molecule and the mass spectrum shows 


‘a shift of two mass units in both the molecular ion and base peak. 


These spectra of dideuteriocotinine are identical to those of cotinine- 
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3,3-dy obtained from the deuterium exchange of cotinine in D20 in the 


139 
presence of K C03. That the two deuterium atoms were incorporated 
into C3 of cotinine can be seen by the nmr splitting pattern. The 
complicated nmr splitting pattern of the six protons on the pyrroli- 


dinone ring of cotinine-dg (Figure XIX) has simplified into a typical 


140 
splitting pattern of an ABX system: four lines (2 doublets) at 4.68 


ppm for the X proton on Cs and eight lines (two of the lines are ob- 
scured by the N-CH3 signal, 2 quartets) at 2.33 ppm and 2.20 ppm for the 


A and B protons on Cy. A first order analysis gives Jap = 13 Hz, 


AV ARB = 12.5 Hz, Tay = 8.5 Hz and Jay = 6 Hz. As expected, 3,3-di- 


bromocotinine (88) gives a similar nmr spectrum (Figure XX) with 


Jap = 14 Hz, AV ag = 13.5 Hz, Jay * 8 Hz and Jax = 6 Hz; by = 4.75 ppm, 


5, = 3.38 ppm and 6. = 3.25 ppm. 
The mass spectrum shows that cotinine-3,3-d > obtained by reduction 
of 88 in deuterated solvents, was about 95% do and 5% d,;. This enrich- 


ment at C3 of cotinine can be enhanced to 99.8% do by incubating further 


in heavy water in the presence of K»C03. 
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Figure XVIII. The ei mass spectra of cotinine-dg (top) and of 


cotinine-3,3-d5 (bottom). 
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The two foregoing experiments indicate that only the protons at 
positions C,' and Cs: of nicotine (C3 and Cy of cotinine) are affected 
in the two step conversion of nicotine to cotinine. Thus any deuterium 
labels already at Co: , C3; or the N-methyl group of nicotine will be 
unaffected by the conversions required to put smers the 
and positions. 

The above results together with those discussed earlier and with . 
the lithium aluminum deuteride reduction of cotinine allow the synthesis 


of nicotine or cotinine labeled at any position on the five membered 


ring moiety. The reactions below illustrate the key steps. 


98 

D 
D 

Z 2 Z Sy 

NaBD 
a 
Sy CH,0H / H,0 
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Ci-C-OEt LiAIDy 


“a 
THE 


Bro Zn 
— — 
HOAc/H,0 DOAc/D,0 
LiAID 
0 4 : 
THF 
CH, CH, 


Thus all the deuterated nornicotines and nicotines used in the 
metabolic studies were prepared by one or a combination of these steps. 


Unfortunately, there is a slight complication in the syntheses of 


at 


deuterated nicotines. It was observed that in any step involving a 
lithium aluminum deuteride reduction, a slight excess of the expected 
amount of deuterium incorporation was obtained. It was found that this 


is due to a reaction of LiA1D, -with the pyridine portion of the molecule. 


4a 
Z N 
N cD, 
P 
D 
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mo—9€ observed that when LiAl1H, was dissolved in pyridine at room 
temperature the solution cinsbbaneee turned orange. Nmr bas ir spectra 
of this solution indicated that there were no Al-H bonds but there were 
slghabe corresponding to 1,2- and 1,4-dihydropyridine groups bonded to 
aluminum. Thus this worker concluded that pyridine reacts with aluminum 
hydride to form a mild reducing agent, tetrakis~(B-1,2- or N-1,4-di- 
hydropyridyl) aluminate (89a). 

In the reduction of N-carbethoxynornicotine to nicotine or of 
cotinine to nicotine, a yellow or seni color was also observed when 
these compounts were introduced into the LiAlH, or LiAl1D, suspension in 
THF. It seems likely that the inisiiities portion of these tian can 


also react with aluminum deuteride to form a complex (89b) similar to 


that formed by pyridine itself. 


oH N R R 
89b 
89a 
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Apparently, this complex is formed and is subsequently air, oxidized 
to regenerate the original pyridine compound. The net result en 
tial esas of a deuterium into the pyridine moiety. 

When nicotine-dy was incubated with LiAD, in THF, a similar par- 
tial incorporation of deuterium was observed. ‘ews XXII shows the ion 
spectra of the protons of nicotine-dg and the nicotine 
from the reaction vith LiA1D, in THF. 

In the nmr spectrum of nicotine ‘the proton D is split into two 
triplets since it has one close neighbor C (Inc = 8 Hz) and two far 
neighbors A and B (Jan = Jap = 2 Hz). In the spectrum of the partially 
sii sample this signal has collapsed into two doublets which 
indicates that one of D's far neighbors has been oo by a deuterium 

atom. The signal for proton C in siestieds shows two doublets with 
the coupling constants expected for a 3-pyridyl proton with two close 
neighbors D (Jon = 8 Hz) and B (Jon = 4.8 nn Sg These signals show 
additional fine splitting due to the proton A (Src = 1Hz). In the 
spectrum of the partially deuterated wasn only the fine splitting has 


: been affected which indicates that it is proton A which has been re- 


placed. Although the signals for proton B are less obscured by the 


signal for proton A in the partially deuterated sample, no other change 


= 2 Hz) in 


is seen in the two doublets for proton B (Jac = 4.8 Hz, Jan 
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Figure XXII. The nmr spectra (60 MHz, CDC13, TMS) of 


the. pyridyl protons of nicotine-dg (bottom) and of 


nicotine recovered from the reaction of nicotine-dg 
(top) with LiAlD, in THF. 


UMI 


going from the nmr queen nicotine-dg to that of the partially 
_ deuterated nicotine. This is due i lack of any coupling between 
protons A and B. There is an obvious loss in the intensity of the 
signal for proton A in the partially deuterated sample. The integration 
nina this; the ratio of A+B : D: C : remaining H's is 1.2 : 0.7 : 
0.8 20, which indicates there is a slight replacement of deuterium 
for hydrogen at the other positions as well. Thus the nmr splitting 
pattern and integration indicates that it is largely the proton at Co! 
which is replaced. This tition deuterium incorporation in the synthetic 
samples amounted to as much as 20%. Seseeneteie. this extra deuterium 
incorporation does not interfere with the mass spectral analyses since 
we were able to rely on the fragment ions arising from the loss of the 
| pyridine moiety. 

The ei mass spectra of nicotine-do, nicotine-5',5'=do, nicotine- 
2',5',5'-d3 and nicotine-N-methyl-d3 are shown in Figures XXIII and XXIV 


and the intensities of important m/e peaks in the mass spectra are shown 


in Table IV. 
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Figure XXIII. The ei mass spectra of nicotine-dg (top) and of 


nicotine-5',5'-d> (bottom). 
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Figure XXIV. The ei mass spectra of nicotine-2',5',5'-d3 (top) and 
of nicotine-N-methyl-d3 (bottom). 
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Table IV 


Relative intensities of important m/e peaks in the ei-mass 


spectra of nicotines. 


> 


| 
CH, CH, CD; 
do 5',5"=d2 -N-methyl-d3 
me % m/e | 


| | 
| 
162 13.8 164 30.8 165 20.7 165 33.8 
161 14.6 163 12.3 164 8.5 164 20.7 
162 — 3.6 163 8.0 163 i. 
162 0.1 162 
133 29.2 135 20.7 136 20:0 136 36.0 
84 100.0 86 100.0 87. 100.0 87 100.0 
83 0.6 85 4.6 86 13.8 86 6.7 
82 6.0 84 :.5 85 2./ 85 9.0 
81 * 83 3.0 84 3.0 84 1.6 
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90 (m/e 84) R; = CH3, Ro = R3 = R, =H 


7° \+ R; 90a (m/e 87) R, = CD3, Ro = R3 = Ry = H 
90b (m/e 86) R, = CH3, Ro = H, R3 = Ry = D 
R, 


90c (m/e 87) R, = CH3, Rp = R3 = Ry =D 


The base peak in the spectrum of nicotine-dg occurs at m/e 84 due 
to the loss of the pyridine moiety to form the pyrrolidinium ion 90. 
| 111 | 
According to Duffield, et al. who obtained nicotine-N-methyl-d3 
through the methylation of nornicotine with CD3I, the m/e 84 peak is 


quantitatively transferred to the ion at m/e 87 (100%, 90a) in the eims 


of the -N-CD3 species. Thus the extent of deuteration can be calculated 


directly from the mass spectrum using the base peak. 
In the mass spectrum of nicotine-dg, the loss of a proton from the 


fragment 90 to give m/e 83 was 0.6%. Therefore the peak at m/e 86 


(6.7%) in the spectrum of nicotine-N-methyl-d3 indicates that there was 


about 6.0% of nicotine-N-CDjH present. This suggests that each deuter- 
ium ‘a the N-CD3 moiety has a 2% chance of wisi a sithiani which is 
consistent with the isotopic purity of the lithium aluminum deuteride 
used om. From this reasoning it is apparent that the probability of 
two deuterium atoms being replaced by hydrogen ts wee small. The fol- 


lowing distribution was calculated assuming a random 2% replacement of 


ILA 
) 
| 
= | 
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hydrogen for deuterium: 


Nicotine-N-CD3 94.% 


Nicotine-N-CD 5H 5.7% 
Nicotine-N-CDH> 0.122% 
Nicotine-N-CH3 0.008% 


The eims of nicotine-5',5'=d> showed an m/e 85 to m/e 86 (90b) 


‘ratio of 4.62, which again is consistent with the isotopic purity of the 


LiA1D, used (98%D). Thus the isotopic composition of nicotine-5',5'-d»o 


is 96% dy and 4% d,;. However the eims of nicotine-2',5',5'-d3 showed 


ratios of m/e 84, m/e 85 and m/e 86 to m/e 87 (90c) of 3.0%, 2.7% and 


13.8% respectively. It seems statistically unlikely that there is 
really 3% of the do sediied adiauin and probably the m/e 82 (6%) ion of 
nicotine-dg has shifted partially to m/e 84 and partially to m/e 85 in 
nicotine-2',5',5'-d3. 

‘The m/e 133 ion in the eims of shmenttiaie: he quantitatively trans- 
ferred to m/e 136 in the stn of nicotine-N-methyl-d3;. However, in the 
case of nicotine-5',5'-d> and -2',5',5'=-d3 only about 65% of the m/e 133 


ion is transferred to m/e 135 and m/e 136 respectively. This result is 


111 
similar to those obtained by Duffield, et al. These authors also 


reported that the m/e 133 ion did not shift in the eims of nicotine- 


4',4'-do. This information rules out the loss of the nitrogen atom with 
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its ey methyl group as a source of the m/e 133 ion. The formation 

of this ion can be explained in terms of the loss of an ethyl radical 

composed of C3 and Cy together with an extra hydrogen from the pyri- 
111 


dine moiety. A possible structure for this m/e 133 ion was proposed 


as follows: 


m/e 161 m/e 133 
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B. The case of 5-hydroxycotinine (52), a cotinine metabolite. 


The following sections of this dissertation will desi with the 
metabolism of nicotine and nornicotine by metabolic hydroxylation at 
the carbon atoms bonded to the pyrrolidinyl nitrogen. As part of our 
studies on a hydroxylated metabolites of ghaaad alkaloids we have eiso 
investigated the structure of a previously reported cotinine metabolite. 
_Cotinine (3), the major mammalian metabolite of nicotine, has sis 
reported to be metabolized by both N-oxidation and by a-carbon oxidation. 


90 
The known metabolites are cotinine-N-oxide (54), cotinine isomethonium 


89 78, 80-84 
ion (53), demethylcotinine (49), trans-3-hydroxycotinine 
68, 85, 86 88 ' 
(50). and a metabolite resulting from hydroxylation at Cs. 


The structure of this metabolite is the subject of discussion in this 
section. 
3: R, = CH3, Ro = R3 = Ry = H 


49 : Ry, = Ro = R3 = Ry = H 


R; = CH3, Ro = OH, R3 = Ry = H 
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1959, McKennis and his coworkers obtained a urinary metabo- 


dogs treated with cotinine. This metabolite was shown to be 


oteric. Upon hydrolysis, it yielded methylamine and the oxo-acid 
91b which was mistakenly assigned. the structure 9la. This acid upon 
ishner reduction gave y-(3-pyridyl)butyric acid (92). The meta- 
bolite an oxo-acid were also shown to form oximes with hydroxyl- 
iia Unfortunately, the structures of these oximes were also incor- 


rectly assigned as 93a and 94a. 


Aa COOH 


Xx 
Qla: X=0 93a : X= NOH 
94a : X = NOH 95 : X20 


- Thus on the basis of this information the metabolite was originally 


assigned the incorrect structure y- (3-pyridy1)-8-oxo-N-methylbutyramide 


88 
(95). In 1963  McKennis corrected the mistaken structure assignments 
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Lite 
92 


for the degradation products of the metabolite and amended the structure 
of the metabolite to y-oxo-N-methylbutyramide 51. This assignment was. 
confirmed by the synthesis of the metabolite from synthetic y-(3-pyri- 


dy1)-y-oxobutyric acid 91b and methylamine. 


NH, OH 
CONHCH 
H 
+ 
| | COOH 
+ 
COOH 
Wolff -Kishner 
N 
92 
142 


In 1965, McKennis and coworkers suggested, with little experi- 
mental justification, that the ketoamide 51 might exist in equilibrium 
with the cyclic form 5-hydroxycotinine (52). However they still prefer- 


red the open chain ketoamide 51 because the metabolic samplé they ob- 


tained showed the properties of the open chain structure including the 


112 


° 
, 
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ability to form an oxime. 


, 


52 : R, = CH3, Ro = 3-pyridyl 
‘ 
O 96a : R, = Ro = CH3 
Re 


R, 96b : = CH3, Rg = phenyl 


Later studied ten of cotinine in the monkey and 
in rats win provided evidence supporting the hydroxylactam structure 52 
rather than the ketoamide 31 for the same metabolite isolated by Mc- 
Dagne was able to metabolite 5-hydroxy- 


143 
cotinine (52). He reported that the ir spectrum showed only one 


sharp intense band in the carbonyl stretching region near 1700 cn, By 
7 144 

comparing the literature ir spectra of compounds 96a and 96b with the 
corresponding spectrum of the cotinine metabolite, Dagne assigned this 
band to a lactam carbonyl rather than an amide carbonyl. 

Dagne also observed that the nmr spectrum of this compound in CDC13 
showed no splitting of the nitrogen methyl protons (see Figure XXV) by 
the nitrogen proton whereas secondary N-methylamides in general do dis- 


109 
play such coupling. Therefore he tentatively concluded that the 


metabolite did not bear an -NHCH3 group. 


However when Dagne's in vivo experiments with monkey were repeated 
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145 
by other workers in our laboratory, in only one experinent was the 
143 
mass spectrum of this metabolite the same as that reported. In three 


other trials new major peaks appeared in the mass spectra in addition to 
those seen in Dagne's spectrum. This led us to retake the eims of 
Dagne's synthetic 5-hydroxycotinine sample. The spectrum obtained no 
longer resembled that presented in his dissertation but it did ented 
with the spectra of iis encatialiee obtained mor the more recent meta- 
bolic work. The nature of these differences suggested the possibility 
of a slow equilibrium between the open and closed forms of ideateianae 

cotinine. 

In order to investigate this possible equilibrium more fully we 
undertook a more caretud study of the structure of synthetic 5-hydroxy- 
cotinine. We began this study by synthesizing 5-hydroxycotinine by the 

method of Dagne as shown in Figure XXVI. 

Commercially available (S)-nicotine was converted into (S)-3,3- 

- dibromocotinine (88). In methanolic KOH this compound undergoes an 
interesting series of reactions to yield 5-methoxy-5-(3'-pyridy1)-2- 
pyrrolinone (97). ‘The methyl group was cleaved in aqueous hydrobromic 


acid. Catalytic hydrogenation of 5-hydroxy-5-(3'-pyridyl)-2-pyrrolinone 


(98) gave 5-hydroxycotinine (52) as a white crystalline solid. 


The infrared spectrum in CHCl; of this freshly made material is 
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Figure XXVI. Synthetic scheme for the synthesis of 


-5-hydroxycotinine. 


116 


Py 0 Py 0 Pd/C 
MeO H20 HO 
EtOAc 
Me Me 
Z 
Py = 
@* CY 
HO 
Me 


117 


superimposable on the spectrum obtained by Dagne for both the synthetic 


and metabolic samples. A broad band which appears at 3300 cat is dif- 
ficult to assign because a broad absorption in this particular region 
can arise from a stretching vibration of an intermolecularly hydrogen 


109, 146 
bonded OH in "polymeric structures". It can also arise from a 


109, 146 
stretching vibration of a hydrogen bonded secondary amide NH. 
There is one intense absorption band at 1685 ca! assigned to an amide 
carbonyl stretching vibration. The absence of a second carbonyl absorp- 


tion band between 1625-1750 coat and the absence of a NH bending vibra- 


tion in the region 1550-1510 oa? seems to rule out the presence of the 
open ring structure 51. This conclusion was further supported by the 
presence of a sharp single, band of medium intensity at 1430 cn”? which 
is assigned to the in plane bending vibration of OH in a tertiary 
109,146. | 
alcohol. 
The uv spectrum displays a broad absorption centering at 300 nm 
(e 385) which may be assigned to a carbonyl chromophore directly attach- 
ed to an auxochrome (-N-CH3) and three fused absorption bands at 
265 nm (ce 960), 258 nm (e 1270) and 253 nm (e 1150) characteristic of an 
146 
Sa isolated pyridine ring. It does not seem that there is any signif- 


icant amount of the open ring structure present since a carbonyl chromo- 


phore directly connected to an aromatic system will cause a:shift of the 
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146, 147 
aromatic absorptions and also of its own absorption toward the red. . 


The nmr spectrum in CDCl3 of the freshly prepared synthetic sample 
was identical to that reported by Dagne; no splitting of the N-methyl 
group was observed. The eims of the freshly prepared synthetic sample 
was also identical to that reported by Dagne. However, although the 
fragmentation observed can be rationalized as the closed ring structure 
it is ellie: dealinbans with the open ring structure. The difficulties 
in interpreting the eins will be discussed further below. . 

Thus the spectral data largely supports the lactam structure 52. 
Furthermore in N,O-bis-(trimethylsilyl)-acetamide/pyridine this compound 
forms a TMS derivative whose eims shows the following major m/e peaks: 

m/e 249 15 (10.4%) 

m/e 186 M -78 (100%) 

m/e 175. M -89 (55.2%) 
The prominent ion at m/e 175 is en explained as a loss of trimethyl- 
silyloxy (mM - OSiMe ), a loss which is likely to occur only from the 
TMS derivative of the closed ring compound 52. 

However the synthetic 5-hydroxycotinine upon standing for several 
weeks changed ae a white crystalline solid to a colorless gum. | 


Changes were also observed in the eims and in the nmr spectrum (see be- 


low). The changes observed in the eims are summarized in Table V. 
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Table V 


A comparison of the electron impact mass spectra of freshly 


prepared and aged samples of synthetic 5-hydroxycotinine. 


| m/e fresh-% aged-% 
192 2.0 14.5 
175 - 10.0 
174 29.1 16.6 
163 38.5 20.8 
134 17.7 16.6 
114° 100.0 
106 100.0 71,8 
86 22.9 17.7 
50.4 81.2 
78 100.0 49.5 
58 25.0 
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Figure XXVII shows the eims fragmentation patterns which might be ex- 
pected for 51 and 52 on the basis of their structures and by comparison 
to other nicotine related alkaloids. Gitettenatety the expectations 
described in Figure XXVII are not consistent with the observations of 
Table V. “In particular there seems to be little doubt in the assign- 
ments of the base peaks, yet these assignments would argue that the 
| 

freshly prepared sample is the open form 51 rather than the closed ring 
form 22 as previously thought. On the other hand loss of H20 from the 
molecular ion (mM - ee 174) of the open ring structure 51 is ex- 
tremely difficult to rationalize while the same loss from the eae 
ring structure 52 is quite reasonable. This would argue that the initial 
assignment of the freshly prepared sample as the closed ring structure 
52 was correct after all. Most of the other fragment ion intensities 
listed in Table V with the possible exception of m/e 78 and m/e 79 ions 
are eenstatent with the structure assignments derived from the base. 
peaks. Thus the bulk of the eims evidence would seem to argue against 
the closed ring structure 32 for the freshly sei sample. 

On the other hand the changes observed in the nmr argue for the 
closed ring structure 32 as the structure of the freshly prepared sample. 


Figures XXVIII and XXIX show the nmr spectra in CDCl3 of the freshly 


prepared and aged samples. When an aqueous solution of freshly prepared 
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+ Z HO 0 

Sn CH, CH, 

m/e 78 m/e 192 m/e 114 
‘ 

CH, CH; 
m/e 174 , m/e 175 


+ 
0=C=N-CH,; 
+ 
w/e 58 m/e 106 
? 
““ 
| 
m/e 79 a or, m/e 78 
+ 
CH, + 
Ao Z C=0H 
3 
m/e 134 m/e 163 


Figure XXVII. The theoretical mass spectral fragmentation for 
5-hydroxycotinine and y-(3-pyridyl)-y-oxo-N-methylbutyramide. 
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irtrecpenctniin (52) was treated with dilute sodium hydroxide the same 
changes were observed on a much shorter time scale. This is shown by 

the nmr spectra presented in hide XXX. The spectrum A is of 5-hydroxy- 
cotinine in water. When one drop of 5% NaOH was added no significant 
changes were observed within 30 minutes except for the signal at 2.9 ppm 
which doubled in height (spectrum B). After 20 hours, the material was 


extracted into chloroform, dried over Na jS0O, and an nmr spectrum was 


- taken in CDC13. Two new signals at 7 and 11 Hz downfield from the in- 


tense signal for N-CH3 of the lactam form (52) were observed in the 
spectrum D as compared to the spectrum C of pure 5-hydroxycotinine in 
CDC1l3. When a drop of Dj0 was added these two signals slowly collapsed 
into one singlet with a shenthad shift average of the two original ones 
(spectra E and F). Obviously these two signals were caused by protons 
which were spin-spin coupled with a nearby exchangeable proton. The 
secondary -N-CH3 group of the open ring ketoamide 51 fits this behaviour. 
The ssialeen the N-methyl protons was not observed in H»0 probably 
pasiune of th€ rapid rate of exchange of the -NH in water. After 24 
hours the spectrum G was obtained. A decrease in height of the signal 

at 2.9 ppm indicates that in chloroform the ketoamide 51 slowly closes 


to reform 5-hydroxycotinine. 


This interpretation of the nmr behaviour of 5-hydroxycotinine in 
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"aqueous base found further support in a similar experiment carried out 


in D290. When 5-hydroxycotinine in D 20 was treated with 4% NaOD in D20 
the non-aronatic sortinn of the nmr spectrum was seen to collapse over a 
period of 20 seconds into an intense singlet at 2.62 ppm integrating for 
5 protons (3 from the methyl protons and 2 from methylene protons). An 
eims of this material confirmed the incorporation of three deuterium 


atoms into the structure (2 methylene protons and one exchangeable pro- 


ton). Evidently there was rapid exchange of two methylene protons with 


D2O under the influence of NaOD. This result suggests at least two pos- 
sibilities. The deuterium exchange took place directly at C3 of the 


closed ring structure 52 in the basic medium in the same manner that 
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- cotinine is known to undergo base catalyzed exchange or the exchange 


took place at Ce of the open ring form 51 which under the influence of 


- aqueous base was in rapid equilibrium with the closed ring form 22. 


These two possibilities were investigated by following the deuter- 
ium exchange of cotinine and of freshly prepared 5-hydroxycotinine under 


the same conditions by nmr integration. The base catalyzed deuterium 
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exchange of cotinine was found to be a very slow process; no noticeable 
change in the a was observed even after 68 hours. This slow 
rate of exchange is in agreement with the rate ot eianidiiiies of cotinine 
in D20 in the ‘queadane of K2CO3 where it is known that several days at 
100°C are required for complete ah, nines the protons of 
cotinitle itself do not exchange significantly under conditions where the 
exchange of ‘:dnientpectintns takes place within seconds, the exchange : 
of the proton at C3 of 5-hydroxycotinine seems unlikely. This would 
imply that the exchange is occurring at C, which is reasonable only in 
the open ring form 51. 

Thus in iii: from what we know about entyuatic a-carbon hydrox- 
Siok iad of tertiary amides it seems likely that the initially formed 


metabolite is the closed ring form 5-hydroxycotinine (52). However, 


what we have found suggests that the closed ring form 52 is in equilib- 


a 


rium with the open ring form y-ketoamide 21 and the rate and position 

of this equilibrium is greatly affected by the presence of base and the 
ane of the solvent in which the metabolite is dissolved. It should 
be noted that if the equilibrium between the open chain form 51 and the 
closed ring form 32 is dependent on the polarity of the solvent, the 
material isolated in a non polar solvent may not reflect the true struc- 


ture of the metabolite. This is particularly true when the work up 


= 


129 


procedure involves the use of strong acid or strong base as was the case 
87, 88 
with McKennis. 

In the following sections the discussion turns to an exploration of 
the in vitro metabolism of nornicotine and nicotine. In these compounds 
the products of a-carbon hydroxylation not only have the possibility of 
equilibration between open and closed ring structures but also have the 


, possibility of equilibrium in water between the elimination and addition 


of and OH . 
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C. Metabolic studies. 


Ra Metabolism of nornicotine (2). 


a. Historical. 


Nornicotine is an important tobacco alkaloid. The average tobacco 
used in cigarettes contains 15-20% as much nornicotine as it does nico- . 


tine, and in some varieties of tobacco the amount of nornicotine present 


95,148 
exceeds the amount of nicotine. { Nornicotine is also important 


84 91-93 
because it is thought to be a major metabolite of nicotine in 


mammals. In spite of this, nornicotine has received little’ attention 


especially in regard to studies in mammals. The early mammalian studies 


on nornicotine were mainly concerned with its pharmacology and were 
extensions of studies on nicotine. 


149 
Nornicotine was known as early as 1904. Both enantiomers of 


63 


nornicotine are found in plants and the optical rotation of the nor- 


nicotine obtained from this source varies over a wide range. Spath and 


130 
have resolved partially active nornicotine fron tobacco plants 


Zajic 
by fractional crystallization of the perchlorate salt. They obtained 
nornicotine, with an [a]*° as high as -88.8°. This is considered to be 
the optically purest nornicotine yet obtained, since no one has ever 
obtained a higher optical rotation for nornicotine. 


The pharmacological stuf@ies of nornicotine are dated as early as 


| 


149 
1904. Most of these studies were done with racemic mixtures obtained 
synthetically or with partially resolved nornicotine isolated from 
plants. Qualitatively, the effects of nornicotine are about the same as 

150 

those of nicotine. Quantitatively, the relative toxicity of nornico- 
tine as compared to nicotine depends upon the routes of administration 

| 151 

and on the animal species. According to Larson and Haag, both race- 
mic nornicotine and (S)-nornicotine are about as toxic as (S)-nicotine 
by the intraperftoneal route in rabbits but they are only half as toxic 
as nicotine the same route in mice. However, by the intravenous 
route nornico\ine is twice as toxic as (S)-nicotine in rabbits. There 
are few data on the toxicity of nornicotine in humans. 

The metabolism of nornicotine has not yet been extensively investi- 
gated and due to the similarity of its structure with that of nicotine, 
nornicotine has been assumed to be metabolized in a similar fashion. 
Only two studies on the metabolism of nornicotine in mammals have been 

94 
reported. Wada, et al. obtained from the chloroform extract of the 
alkalinized urine from dogs given nornicotine three pyridine containing 
compounds two of which were identified by their Re values as demethy1- 
cotinine (49) and unmetabolized nornicotine. The third metabolite was 


not identified. These authors also reported the isolation of y-(3-pyri- 


dyl)-y-aminobutyric acid (56) from the aqueous phase of the extraction. 
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92 
Papadopoulos obtained similar results from in vivo and in vitro meta- 


bolic studies of nornicotine with rabbits and rabbit liver homogenate 
fractions. He showed that nornicotine is metabolized into demethyl- 


cotinine (49) and at least one unidentified metabolite. 


A study of nornicotine excretion patterns was made by Sects and 
Larson. Nornicotine isolated from tobacco was given to anesthetized 
dogs by infusion and the 24 hour urine was collected. The amount of 
nornicotine in the urine was determined svkdea aiolastty (cyanogen bro- 
mide method). The percentage of nornicotine excreted unchanged in- 
creased with increasing dose and reached a maximum of 60% at 15 mg/kg. 
Nornicotine was found to be completely excreted within 16 hours follow- 
ing cessation of administration. According to these authors. the rate 
of metabolism of nornicotine is independent of the dose within the range 
studied (up to 25 mg/kg). However the results obtained from this study 


were based on the assumption that unmetabolized nornicotine is all ex- 


creted into the urine. 
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b. Identification of nornicotine metabolites. 


All our in vitro experiments on nornicotine metabolism were carried 
out with the 10,000 x g supernatant fractions or the microsomal frac- 
tions (100,000 x g pellets) from rabbit liver. The incubations were 
done in pH 7.4 phosphate buffer in the che of the required cofac- bs 
tors: NADPH ad magnesium ion. Racemic nornicotine-do, -2'=-d, and -3', 
3'-d> were used as the substrates of the incubation in air at 37°C for 
one hour. The incubates were extracted directly into dichloromethane 
and were analyzed by tlc (silica gel, EtOH : CH3COCH3 conc. 
NH,,OH = 5 : 40 3 5) followed by gc-eims (2% carbowax KOH columa) of 
the material from each tlc band. 

The tle analysis of the extract from the incubation of nornicotine- 
do with the microsomal fraction piss the presence of four bands on 
fluorescent plates with Re values of 0.08 (band t). 0.28 (band II), 0.34 
band III) and 0.50 (band IV) relative to the solvent front (7.65 cm). 

Band I was identified as emibtdaltoet nornicotine on the basis of 
its Re value, gc retention time and intone spectrum. ~ 

Band II was present in the least amount judging by its faintness 
and did not give a discernible gc peak. This suspected metabolite 


remains unidentified. 


Band IV was identified as myosmine on the basis of its Re value 
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gc retention time and ei-mass spectrum. Figure XXXI compares the eims 
of synthetic myosmine to that of the metabolic sample. This identifica- 
tion was confirmed by the incubation of nornicotine-3',3'-d 2 which gave 
an eims for band IV that was identical to the mass spectrum of synthetic 
myosmine-3',3'=-d>. 

A gce-eims of ten died extract from band III showed it to be a 


mixture of two compounds. One of the two was identified as’ nicotinamide 


which probably is formed from the breakdown of NADPH during the incuba- 


tion. The eims of the other compound is very similar to that of myos- 
mine (see Figure XXXII) with a aolecular ion at m/e 146 and a base peak 
at m/e 118. The differences iiihiiaai the two spectra are in the relative 
intensities of the ion at m/e 91 and of the Mt and [M-1]* ions. This 


indicates that this unknown is a pyrroline, an isomer of myosmine. 


‘When the extract of band III was treated with N,0-bis-(trimethylsilyl)- 


acetamide overnight at room temperature the gc-eims analysis showed 
that the retention time of the unknown had not shifted and the a ob- 
tained was unchanged. Thus the unknown does not form a TMS derivative 
which rules out the presence of an N-H or O*H in the structure. The 
same gc-eims analysis also showed a shift in the retention time of the 
nicotinamide gc peak and the eims obtained was ciliitiiiadun with the mono 


TMS derivative of nicotinamide. 
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and of metabolic myosmine (bottom). 
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Figure XXXI. The ei mass spectra of synthetic myosmine (top) 


135 


100 one 
SO 100 M/E 
118 
100 
80 
| | ‘| | 
SO 
| 


synthetic 


Figure XXXII. The ei mass spectra of synthetic myosmine (top) 


and of metabolic (bottom). 
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The use of labeled substrates narrowed the possible sites of metabo- 
lic alteration. The eims of the unknown metabolite obtained from the 
incubation of nornicotine-2'-d) showed a peak shift of one mass unit 
higher in every major ion (m/e 147, 119 and 92) while the eims of the 
unknown from metabolism of nornicotine-3',3'-do showed a shift to two 
mass units higher in the alae ion alone. The fragment ion at m/e 

118. and m/e 91 did not shift. Since there was no loss of deuterium in 
forming the unknown metabolite from either of these substrates, metabo- 
lic alteration at either the 2' or 3" position of the five membered 
ring was ruled out. As expected, metabolism of nornicotine-2'-d, give 
was unlabeled. 


The experiments with labeled substrates limit the possible struc- 


tures for the unknown metabolite to two: 


The structure 97 can be ruled out on the basis of the result from the 
trimethylsilylation experiment and on the basis of the'mass spectral 


fragmentation pattern observed for the metabolite. The loss of 28 mass 


units from the molecular ion of myosmine to form the m/e 118 fragment 


\ 
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has been shown to be due to the loss of CoH, (positions 3' and 4" of 


the five membered ring). 


Z C=N=CHo 
N 
m/e 118 


Since the unknown metabolite also shows a base peak at m/e 118 a similar 


fragmentation is probably involved. This would be difficult to account 


for with structure 97 but could easily be accounted for by the fragmen- 


tation pattern for 98 shown below. 


. + 
—CoH4 


146 (8%) m/e 118 (100%) 
| 
- HCN 
H 
+ 


/ 


| 
m/e 91 (27%) 


o 


These fragment assignments are consistent with the peak shifts observed © 


with nornicotine-2'-d, and nornicotine-3' ,3'-d2 mentioned above. 


The above structure assignment for the nornicotine metabolite was 
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confirmed by the studies on the metabolism of nicotine in the presence 
of cyanide ion (see Section C.2). In addition to the cyanonicotines 
and cotinine, a fourth nicotine metabolite was observed by gc-eims when 
dichloromethane was used as the extracting solvent (see Figure XXXIV). 
When nicotine-dg was used as the substrate, an ei-mass spectrum showed 
this metabolite to be identical to the nornicotine metabolite 98. Pre- 
sumably this metabolite is formed in two steps via nornicotine. When 


nicotine-5',5'-d» and -2',5',5'-d3 were used as substrates the eims of 


28 showed the molecular ion and the base peak had shifted one and two 
m/e units higher respectively. The ion at m/e 91 did not shift in the 
eims of 98 from nicotine-5',5'-d> but shifted to m/e 92 in the eims of 
98 from nicotine-2',5',5'-d3. Thus in each case a deuterium has been 
lost from the 5' position of the parent alkaloid in the formation of the 
metabolite. ey ees a structure of the new metabolite as 2'-(3- 
pyridy1)-A®' -pyrroline (98). 

Table VI summarizes the eims of the A°-pyrroline 98 obtained from 
the metabolism of nornicotine-dg, -2'-d, and -3',3'-do by the micro- 
somal fraction and ‘from the and -2',5', 
5'=-d3 by the 10,000 x g supernatant fraction in the presence of cyanide 


ion. 
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Table VI 


The eims of deuterated 2'~(3-pyridyl)-A> -pyrroline. 


+ 

CR, 
<= 
A B 
Substrate _ Metabolite 

R; Ro R3 Ry M A B 

Nornicotine-do 146 118 91 
Nornicotine-2'-d, 147 119 92 
Nornicotine-3',3'-d» 148 118 91 
Nicotine-5' ,5'-do 147 119 91 
Nicotine-2',5',5'-d3 148 120 92 


The metabolism of nornicotine by the microsomal fraction did not 


show the formation of demethylcotinine, a known metabolite of nornico- 


92,94 
tine. However when the metabolism of nornicotine was carried out 


using the 10,000 x g supernatant fraction, demethylcotinine was obser- 


ved by gc-eims. The fragment ion assignments for démethylcotinine are 


shown below. 
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mal 
re) 
oH 
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N 
M’ 162 (58%) m/e 84 (65.7%). 
- CHy=HC-C=0 
- 
CH=NH 
Z 
| 
m/e 107 (100%) 
CH=N-C=0 a CH=NH 


m/e 134 (88.8%) m/e 106 (41.5%) 
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c. Pathways leading to nornicotine metabolites. 

The observation from our experiments that demethylcotinine was seen 
only when the metabolic studies were carried out with the 10,000 x g 
supernatant fractions seems to suggest that the metabolic conversion of 
nornicotine to demethylcotinine, like the conversion of nicotine to 

7 | 
cotinine, consists of at least two steps via the formation of a 
5'-hydroxy intermediate. The second step requires a soluble enzyme 


which is not present in the microsomal fraction. 


H 
ff 49 
4 
CF 
CHO OOH 
100 56 


The supposed intermediate 5'-hydroxynornicotine (99) may undergo 


ring opening to form y-(3-pyridyl)-y-aminobutyraldehyde (100) which is 


“a 
‘ a 
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then oxidized by aldehyde dehydrogenase to the corresponding butyric 
acid 36. 
94,154 
The suggestion that the y-aminoaldehyde 100 and y-amino acid 


56 may be intermediates in the metabolic formation of demethylcotinine 
(49) from nornicotine although plausible has found little support. 
There is no-evidence that either of these compounds is enzymatically or 


spontaneously converted into demethylcotinine. In fact the only report 


where the acid 56 has been shown’ to undergo ring closure to form 


demethylcotinine was done in a nitrogen atmosphere and at 150°C that is, 
not under physiological conditions. 

The postulation of the carbinolamine intermediate 5'-hydroxynor- 
nicotine (99) is pis consistent with the formation of “i A°-pyrroline 


metabolite 98 which can be derived from 99 by the loss of a mole of H20. 


Similarly, myosmine (a A!-pyrroline) may arise from the correspond- 
ing 2'-hydroxynornicotine or it may be formed from the A°-pyrroline by 


a tautomeric shift. 
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This conversion of the A°-pyrroline to the Al-pyrroline was proposed to 


' account for the partial racemization of the nornicotine obtained by the 


94 
LiAlH, reduction of (S)-demethylcotinine. 


Vv 


H H 


(S)-Nornicotine 


(R,S)-Nornicotine 


Our metabolic studies do not rule out this conversion although they do 
rule out the reverse conversion of myosmine to the A°-pyrroline 98. 


When myosmine was incubated under the same conditions used for the nor- 


nicotine metabolic studies, none of the A°-pyrroline was formed and 
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myosmine was recovered unchanged. The labeling experiments also show 


that the A°-pyrroline 98 is not formed from myosmine; the A°-pyrroline 
obtained from the metabolism of nornicotine-2'-d, showed a full reten- 
tion of the deuterium label. 

iether possible saa for the formation of the two pyrroline meta- 


bolites is via N-hydroxynornicotine (101). 


101 


Secondary N-hydroxy -compounds of similar structure have not been reported 


as metabolites but the compound 5',5'-dimethyl-N-hydroxynornicotine (102) 


has been synthesized and obtained in a stable crystalline form. 


Sn OH 
Sn NZ 
58 
CH 
3 
OH 
102 


146 


Thus, while the true route of formation of the nornicotine metabo- 
lites is as yet unknown, the formal insertion of oxygen into the C-H 
bonds a to the nitrogen is still the most generally applicable mechanism 
since it not only accounts for the metabolites demethylcotinine and 
y-(3-pyridyl)-y-aminobutyric acid (56) ann were previously known but 
it also accounts for the A°-pyrroline and Al-pyrroline (myosmine) meta- 


bolites which were newly discovered in the present work. 


| 
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2. Metabolism of nicotine in the presence of cyanide ion. 


a. Historical. 


The three carbon atoms of stsettes (1) directly attached to the 
nitrogen atom in the pyrrolidine moiety are in a prime position for en- 
ayeatic attack. This attack is thought to proceed by introduction of 
oxygen across the a=C-H bonds to form as initial 
mediates. Thus three possible carbinolamines 45, 55 and 103 might be 


formed in the metabolism of nicotine. 


2. Ry © Cig, Ro Ry 
45: R, = CH3, Ro = H, R3 = OH 


55 : Ry, = CH20H, Ro = R3 =H 


103 : R, = CH3, Ro = OH, R3 = H 


The existence of the three carbinolamines 45, 55 and 103 has been 


previously postulated in a model system (the _tartrate complex 


catalyzed decomposition of nicotine N-oxide) and verified by the iso- 
43a 
lation of N-methylmyosmine, nornicotine, myosmine and cotinine. 
5'-Hydroxynicotine (45) has also been cited as a probable intermediate 
| | 7, 76 
in the biotransformation of nicotine to cotinine. To date there is 
no evidence supporting the formation of 2'-hydroxynicotine (103) or of 


any secondary nicotine metabolite derived from this carbinolamine in 
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biological systems. N-Hydroxymethylnornicotine (55) is strongly believed 
to be an intermediate bias iditpeee II) in the enzymatic N-demethylation 
of tertiary anines (nicotine) to secondary amines (nornicotine). 

iets of the minor astebolites of nicotine can also be explained by 
the subsequent hydroxylations at a-carbon atoms of the two principal 
metabolites, nornicotine (2) and cotinine (3). 

With the aim of gaining a better understanding of the metabolic 
conversions involving the introduction of oxygen at carbon atoms a to 
nitrogen, we first sought to re-examine some of the early work on the 


metabolism of nicotine using rabbit liver preparations. 
7 
In 1960 Hucker, et al. proposed that the biotransformation of 
nicotine to cotinine proceeds in two steps by the action of two distinct 
enzyme systems. The cytochrome Py59 microsomal enzyme converts nicotine 


to 5'~hydroxynicotine dint is then further converted, by the soluble 
By blocking the action of the 
aldehyde oxidase system from rabbit liver homogenates with cyanide ion, 
these workers claimed to obtain 5'-hydroxynicotine. No scout proof 


was given except that both the metabolic intermediate and synthetic in- 


termediate, which was obtained from partial reduction of cotinine with 


lithium aluminum hydride, gave positive aldehyde tests. Apparently, 


Hucker and his coworkers believed they had obtained 5'-hydroxynicotine 
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as an equilibrium mixture with the open ring amino aldehyde 47. 

In 1973, mee” repeated Hucker's work and reported thet gc-eims 
analyses showed 5'-cyanonicotine (104) was the major product from the 
incubation of nicotine with rabbit liver homogenate in the presence of 
cyanide ion. He also reported that a sodium borodeuteride reduction of 
this incubate mixture yielded seteilirinaie cle (1d) and that the oxygen in 
cotinine came from water not from molecular oxygen. This information 
led him to extend Gadtier'e original hypothesis to include the equilib- 
rium of 5'-hydroxynicotine (45) with nicotine A!G'’_iminium ion (105, see 
Figure XXXIII). Thus the oxygen of 45 will exchange with water due to 
the rapid equilibration with the iminium ion 105. 5'-Cyanonicotine will 
form by the attack of cyanide ion on the A'GLiminium ion 105. 

Unfortunately, Murphy's metabolic station provided inadequate proof 
for the position of the cyano group and the deuterium atom. The meta-. 
bolic as shown to have an identical mass spectrum to 
that for a synthetic cyano caanéil which was obtained from the oxida- 
tion of nicotine by mercuric acetate in the presence of EDTA followed 
by the addition of ee solution. However the assignment 
of the cyano group to position Cs: of this synthetic material was also 


in doubt. 


153 
Recently, Sanders, et al. described briefly the eims of synthetic 
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Figure XXXIII. Murphy's suggested pathway from nicotine to 


cotinine and to 5'-cyanonicotine. 
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5'- and 2'-cyanonicotine (104 and 106). was made by a 
sodium aluminum hydride reduction of cotinine, followed by treatment of 
the intermediate reduction product with cyanide ion. The intermediate 
reduction product was believed to be 5'-hydroxynicotine in equilibrium 
with its open ring aminoaldehyde form 47. The spectral data of the cyano 


product were reported to agree with the structure of a cyanonicotine 


‘product and the method of synthesis leaves little doubt as to the posi- 


tion of the cyano group. 

: These workers also reported that the oxidation of ateckiin by mer- 
curic acetate, which Murphy used to make synthetic 5'-cyanonicotine, 
yielded a 9 to. 1 mixture of 2'-cyanonicotine (106) and 
The cyano group of the major product was assigned to position Cy of the 
pyrrolidine moiety because its proton nmr spectrum is different from 
that of the known compound 5'-cyanonicotine. The discrepancy iil 
the two vain was explained sis the dependency of the 5'-cyanonicotine 
to 2"-cyanonicotine ratio on the exact manner by which the reactions 
were carried out. 

Table VII presents the electron impact mass sees of cyanonico- 
tine compounds reported by Murphy and Sanders, et al. Note that the two 
mass spectra of 5'-cyanonicotine do not agree. Furthermore, the ania’ 


of m/e 159 as the base peak of 2'-cyanonicotine is surprising since the 


é 
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Table VII 
Reported electron impact mass spectra of cyanonicotine compounds. 


Murphy's Sanders, et al.'s 
5'-Cyanonicotine m/e m/e , 
* 
187 V.S. 187 prom. 
- HCN 160-45 
109 
- Hen) - Py. 82 100 
2'-Cyanonicotine 


M 28 159 100 


* v.s. = very small, prom. = prominent 


106 


expected loss of HCN from the molecular ion (M* - 27) would give a 

| 153 
fragment of m/e 160 not m/e 159. Sanders, et al. failed to explain 
either the mass spectrum of 2'-cyanonicotine (106) or why their mass 


spectrum of 5'-cyanonicotine (104) did not agree with Murphy's. 


However Sanders, et al. did confirm by a direct comparison of their 
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CN 
Aa N CN 
104 
= 


product with the material isolated by Murphy that Murphy had indeed ob- 


tained 5'-cyanonicotine. 


155 
Recently Hubert-Brierre, et al. have repeated the oxidation of 


153 


nicotine by mercuric acetate. They also reported that 5'-cyanonicotine _ 


and 2'-cyanonicotine are the products according to the spectral data. 
Unfortunately, their description of the mass spectra is too brief to 


settle the question raised above. 
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b. Identification of the cyanonicotine compounds. 


Initially our intention was to use specifically deuterium labeled 
nicotines as substrates in in vitro metabolic studies to evaluate 
_ Murphy's assignment of 5'-cyanonicotine as the structure of the major 
_ product from the metabolism of nicotine in the presence of cyanide ion. 
with rabbit liver preparations were carried out 
by employing similar incubation conditions to inal used by Murphy. In- 
cubations were conducted with 10,000 x g supernatant fractions or with 
100,000 2 g microsomal pellets made either with isotonic KCl solution or 
with pH 7.4 phosphate buffer solution in ss of the required 
cofactors. The incubation mixtures were preincubated with cyanide ion 
at O°C in air for 12 to 15 minutes to allow cyanide ton to interact with 
the aldehyde SONGS ay before adding the substrates. The preincuba- 
tion was omitted when the microsomal fractions were used since the solu- 
ble enzymes di not present. The Bs a were carried out at 37°C 
in air for one cae. ~ incubates were worked up by extracting with 
either dichloromethane or diethyl ether and the extracts were analyzed 
by gc-eims. 

The dichloromethane extracts obtained directly from the incubation — 
mixtures were shown by tlc and gc-eims to contain a large amount of 


nicotinamide, steroids, esters of fatty acids and other nonbasic subs- . 
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tances which interfered greatly with the analyses. When an acid-base 
viendo was applied these interfering substances were removed. A gc 
tracing of a typical experiment is dhe ti Figure XXXIV. 

The eutent of was estimated from the gc tracings to be 
generally from 30% to 50% although in some experiments the extent of 
metabolism was low 1%. 


As expected, the gc-eims analyses showed the presence of smetins 
lized nicotine as well as cotinine. However, beatae of the single 
cyano product reported by Gets.” two partially overlapping gc peaks 
were seen with retention times of about 9 minutes. 

The eims of the first peak showed it - be identical to that of 5'- 
cyanonicotine (104) as reported by Murphy. The mass spectrum of the 
second peak showed it to have the same molecular ion as 5'-cyanonicotine 
and a base peak at m/e 109 (loss of the pyridine moiety). Therefore it 
was presumed to be structurally similar to 5'-cyanonicotine. The mass 
spectra of these two cyanonicotine compounds are shown in Figure XXXV. 

When the base extracts of the post incubates were vine ata 
lower temperature of the mass spectrometer inlet lines and ‘a the mole- 


cular separator a pronounced temperature dependence for the eims of 5'- 


cyanonicotine was observed (Figure XXXVI). The eims of 5'-cyanonicotine — 


at the low temperature shows a base peak at m/e 109 and a prominent 
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104 


0 5 10 15 min. 


Figure XXXIV. The gc tracing (2% Dexyl, 160°C for one minute, 


then increasing 3.5°C per minute) of the CH2Clo extract obtained 


from the metabolism of nicotine in the presence of cyanide ion by 


the 10,000 xg rabbit liver supernatant fraction. 1, nicotine; 3, 
cotinine; 98, 2'-(3pyridyl)-A°-pyrroline; 104, 5'-cyanonicotine; 


107, N-cyanomethylnornicotine. 
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Figure XXXV. The ei mass spectra of 5'-cyanonicotine (top) and of N- 
cyanomethylnornicotine (bottom) from the metabolism of nicotine-dg in 


the presence of cyanide ion. 
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Figure XXXVI. The ei mass spectra of 5'-cyanonicotine at high inlet 
temperature (top) and at low inlet temperature (bottom). 
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molecular ion at m/e 187 as well as prominent fragments which are 27 
mass units less at m/e 82 and m/e 160. On the other hand, the mass spec- 
trum at the high temperature shows predominantly ions at m/e 82 and m/e 
160. This marked temperature dependence of the mass spectrum is appa- 
rently due to a shared elimination of hydrogen cyanide from 5'-cyanoni- 
@otine prior’to entering the ion chamber. This thermal elimination may 
state the differences in the mass spectra reported by Murphy and by 
Sanders. The fragmentation pattern at low inlet temperature fits well 


with the structure of 5'-cyanonicotine. 


Sn CH; 
187 
-Py -Py 
| 


+ 
HCN SN 


x 


m/e 109 | m/e 82 


= 
| 
CH, CH, 


In order to determine the position of the cyano group in the two 
metabolic cyanonicotine compounds the following specifically deuterated 


nicotines were used as substrates: nicotine-5',5'-d2 (la), nicotine-2',- 


5',5'=d3 (1b) and nicotine-N-methyl-d3 (lc). 


R,. = CH3, Ro = H, R3 = Ry = D 


ip 


lb : R, = CH3, Ro = R3 = Ry =D 


CD3, Ro = R3 = Ry = H 


Q 


1d : R, = CH3, Ro = D, R3 = Ry = H 


With nicotine-5',5'-d> as substrate, the major ions in the mass 
- spectrum of 5: emenetteation. as predicted, moved to one mass unit 
higher. The ion and the of the second cyanonicotine 
compound moved to two mass units higher. With nicotine-2',5',5'-d3, a 
shift to 2 mass units higher was observed in the eims of. 5'-cyanonico- 

tine. The mass spectrum of the unknown compound showed a shift to 3 
mass units higher. This indicates that the site of metabolism is nei- 
ther at the 2! nor the 5' position. The only remaining site of the five 
membered ring where metabolism is likely to occur is at the N-methyl 


group. Thus the new cyanonicotine product was tentatively assigned the 


structure of N-cyanomethylnornicotine (107). 
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Figures XXXVII ahd XXXVIII show the eims of the two 
compounds obtained from the incubations of nicotine-5',5'-d> net nico- 
tine-2',5',5'=d3. 

The obvious experiment to carry out was to incubate nicotine-N-me- 
thyl-d3 tn order to confirm the position of the cyano group. The eims 
of 5'-cyanonicotine obtained from this experiment showed retention oy 
all three deuterium atoms as Gnened. The etes of the tentatively 
assigned N-cyanomethylnornicotine showed that one deuterium atom is re- 


placed in forming this product (Figure XXXIX). Thus the labeling expe- 


riments not only confirmed the assignment of the 5'-cyanonicotine struc-_ 


ture (104) but also allowed an unambiguous assignment of the newly ob- 


served isomeric product as N-cyanomethylnornicotine (107). 


SN 


CHyCN 


m/e 109 


The mass spectral fragmentation pattern agrees with the assigned 
structure. The loss of hydrogen cyanide from 107 is unlikely since 
there are no protons 8 to the cyano group and thus the prominent frag- 


ments at m/e 160 and at m/e 82 are not seen as in the case of 104. 
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Figure XXXVII. The ei mass spectra of 5'-cyanonicotine-5'-d, (top) and 


of N-cyanomethylnornicotine-5',5'-d> (bottom) from the metabolism of 


nicotine-5',5'-dz in the presence of cyanide ion. 
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Figure XXXVIII. The ei mass spectra of 5'-cyanonicotine-2',5'-d5 (top) 


and of N-cyanomethylnornicotine-2',5',5'-d3 (bottom) from the metabolism 


of nicotine-2',5',5'-d3 in the presence of cyanide ion. 
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Figure XXXIX. The ei mass spectra of 5" -cyanonicotine-N-methy1-d; (top) 


and of N-cyanomethyl-dj-nornicotine (bottom) from the metabolism of 
nicotine-N-methyl-d3 in the presence of cyanide ion. 
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The structure of the metabolically formed product 107 was further 
confirmed by the synthesis of N-cyanomethylnornicotine. This was done 
simply by a Mannich base type of condensation. Nornicotine, cyanide ion 
and formaldehyde were allowed to react in an aqueous medium at room tem- 
perature for about 30 minutes. The spectral data of the product obtained 
agreed with the structure. The infrared spectrum showed a weak band at 


1 


2240 cm for the C=N stretching vibration. A cyano group usually dis- 


plays strong absorption in this region. However, when there is an elec- 
tronegative atom directly attached to the same carbon atom, the inten- 

7 146 
sity of the C=N stretching vibration absorption is reduced. This is 
in agreement with the reported intensity for the C=N bond in 5'-cyano- | 


153 155 
nicotine and in 2'-cyanonicotine. The uv spectrum in ethanol is 


identical to that of akc 
The 60 MHz proton nmr spectrum (Figure XL) displays in addition to 
the characteristic signals of the protons of a 3-substituted pyridine 
from 7.0 to 9.0 ppm, a series of compléx signals between 1.6 to 4.0 ppm 
integrating for 9 protons. Based on the known assignments for the pyr- 
158 


rolidinyl protons of nicotine, these multiplets can be easily as- 


signed. The multiplet at highest field between 1.6-2.5 ppm integrating 


for 4 protons can be assigned to the four protons at C3 and Cy'. A one 


proton triplet at 3.6 ppm (J = 7.5 Hz) is assigned to the Cp»! proton. 
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3 The two multiplets from 2.5-3.1 ppm and from 3.1-3.5 ppm each integrating 
for one proton must be due to the two protons at Cs). The nmr spectrum 
also displays an AB quartet centered at 3.48 ppm for the cyanomethylene 


protons with Av,, = 17 Hz and Jan = 17 Hz. This is consistent with the 


159 
coupling constants observed in other substituted cyanomethyl compounds. 


The gc and eims spectral characteristics of synthetic N-cyanomethylnor- 
nicotine were identical with those observed for the metabolic material 


from the nicotine incubation mixture. 


| 
| 


c. Genesis of N-cyanomethylnornicotine (107). 


It has been proposed that the metabolic conversion of nicotine to 


cotinine proceeds via 5'-hydroxynicotine (45) which, by loss of a 


hydroxyl group, is in equilibrium with nicotine al G)_iminium ion (105). 


This iminium ion can be captured by cyanide ion to form 5'-cyanonicotine 
(104). Stat lerly we have shown that the N-demethylation of 
nicotine to nornicotine may be thought of as proceeding through an in- 
termediate carbinolamine N-hydroxymethylnornicotine (55) with the anal- 
ogous methyleniminium*ion 108 being trapped by cyanide ion to form 


N-cyanomethylnornicotine (107, Figure XLI). 


HoCN 


Figure XLI. Direct and indirect pathways for the formation of N-cyano- 


7 methylnornicotine via nicotine N-methyleniminium ion. 
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V However there oe other possibilities to be considered in discus- 
sing the origin of hiniieiiihitten taatiehendiliain (107). The cyanomethyl com- 
pound needs not be formed via the intermediate methyleniminium ion 108 
but may be due to the reaction of cyanide ion with some other metabolic 
intermediate. One possibility which can be envisioned as an pate by 


cyanide ion on the enzyme-substrate complex 109, a possible intermediate 


f 
in the metabolic oxidation. 


S | N CHZCN 
109 107 


However mechanisms of this type, while they cannot be disproven, 
fail to provide as simple and as direct an explanation of both the syn- 
thetic and metabolic results as that shown in Figure XLI for the methy- 
leniminium ion 108. 

consider is that N-cyanomethylnornicotine 
might be the product of a nonenzymatic or idea reaction between 


cyanide ion and one of the impurities in the starting nicotine samples. 


The gc analysis of synthetic nicotine-5',5'-d> showed four impurities 


which were estimated from gc peak heights to amount to 8% of che epras 


= 


UMI 


material. The major siaitetie (4%) has the same gc retention time as 
‘sili. This impurity may be a mixture of cotinine and another un- 
identified compound, since nicotine-5',5'-dj was obtained from a reduc- 
tion of seis ett lithium aluminum deuteride and the gc-eims of this 
peak showed other m/e peaks as well. The other three impurities each 
amounts to about 1% of the total dnteviet and are still unidentified. 
Nicotine-2',5',5'-d; has four impurities which amount to 97 of at 
total material. One of these impurities (1% of the total) was identi- 
fied as (2d) by gc-eims. Possibly during the 
synthesis of nicotine-2',5',5'-d3 (1b) some of the Con) 
was not converted into nicotine-2'-d, (1d) and underwent parallel oxi- 
dative bromination followed by dissolving zinc metal reduction to deme- 
thylcotinine-5-d, (49a) which finally was converted back to nornicotine- 


2',5',5'-d3 by LiAlD,. 


= CH3, Ro = R3 = Ry = D 
= CH3, Ro = D, R3 = Ry = H 
= R3 = R, = H, Ro = D 


= H, Ro = R3 = Ry = D 
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The other three impurities are the same as those found in the nicotine- 
5',5'=dy sample. That these impurities do not chemically give rise to 
pK N-cyanomethylnornicotine was shown by control incubations with these 
two nicotine samples using boiled enzymes. The control experiments ex- 
cept for the use of a boiled liver preparation, were carried out in 
exactly the same manner as the metabolic experiments including the use 
of cyanide ion, MgCl» and NADPH. It was found that the same impurities 
were still present in the recovered material and the relative percentage 
of the impurities were essentially unchanged. No thtieammnnnbartiasialbiane 
tine was detected by gc-eins ‘from these control experiments. 
The nicotine-dg and nicotine-N-methyl-d, samples were shown to con- 
tain no significant impurities (the total impurities were less than 0.52) 
The corresponding control experiments also confirmed that there were no 
detectable impurities “a no cyanomethyl compound sits Conan Thus the 
possibility that N-cyanomethylnornicotine comes from one of the impuri- 
ties by a dhentent reaction can be ruled out. 
_ That .N-cyanomethylnornicotine comes from one of the impurities by 
an enzymatic action can also be ruled out for two reasons. For those 
nicotine substrates which were shown to be impure, the amount of the 


impurities was too small to account for the amount of N-cyanomethyl- 


nornicotine formed even if all of the impurities had been converted. 
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With nicotine-dg and nicotine-N-methyl-d3 substrates, N-cyanomethylnor- 
nicotine was formed in substantial amounts from the incubations, even 
though it was shown that these samples contained insignificant amounts 


of impurities. 


The easy synthesis of N-cyanomethylnornicotine by a Mannich base 


type of reaction suggests another way that the cyanomethyl compound re- 
covered from the metabolic experiments might be formed as an ellie. 
Nornicotine, which is a known metabolic product of nicotine (see C.2.g.), 
will readily react with any source of formaldehyde in the presence of 
cyanide ion to form N-cyanomethylnornicotine. In a number of studies 
reported in the literature, potential niciiiiiiii products ware revesied 
as artifacts arising from the reaction between a primary or especially 

a secondary amine with an aldehyde contaminating the extracting solvents. 
In the case of chlorinated hydrocarbon solvents, entens can also react 
slowly with the solvent itself. ole win reported that N- 
%{2-quinolyl) piperazine (110) reacted slowly with chloroform, methylene 
chloride and ethylene chloride. On standing for 24 hours, four products 


were formed with CHCl3 and ethylene chloride and one was seen with me- 


thylene chloride. 


N N-H 
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Although a reaction between nornicotine and the extracting solvent 
methylene chloride on the time scale of our experiment seemed unlikely, 
the possibility that formaldehyde was present in methylene chloride as 
a contaminant seemed quite likely. This possibility was confirmed by 
control experiments. 

When nornicotine was incubated under the same conditions as nico- 
tine (in the presence of cyanide ion) and methylene chloride was used 
_ the extracting solvent, N-cyanomethylnornicotine was identified by 
its gc-eims as the major component (60% of the recovered material, 

. Figure XLII-A). Myosmine and 2'-(3-pyridyl)-A*° -pyrroline (98) were 
also detected by their ei ined spectra. 

The incubation of nornicotine with boiled enzymes yielded only the 
‘cyanomethyl compound (14% of the extract) and one other product discus- 
sed below. Thus there is a substantial amount of a one carbon source 
at the oxidation level of formaldehyde which comes either from CH»)Clo 
wid as the extracting solvent for the experiment or from the incubation 
itself. 

An interesting observation was that in the control experiments 


using boiled enzymes with nornicotine, 54% of the material recovered 


from the methylene chloride extract was tentatively identified from its 


mass spectrum (Figure XLIII-A) as N-carbomethoxynornicotine (111, cf. 
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Figure XLII. The gc tracings (2% Dexyl, 160°C- lmin, + 3.5°C ain’ *) 

(A) of the CH»jCl> extract from the metabolism of nornicotine in the 
presence of CN ; (B) of the diethyl ether extract from the incubation of 
nornicotine in the presence of CN. The identity of each gc peak as 
determined by gc retention time and gcms is indicated in the figure: 2, 
nornicotine; 38, myosmine; 98, 2'-(3-pyridyl)-A°-pyrroline; 107, N-cyano- 
methylnornicotine; 112, N-(1-cyanoethyl)nornicotine. 
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Figure XLIII. The ei mass spectra of artifacts seen in nornicotine 
control experiments: (A) the eims of N-carbomethoxynornicotine; 
(B) the eims of N-(1-cyanoethyl)nornicotine. 
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Figure XVII, the eims of N-carbethoxynornicotine). | j 
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This sane compound 111 was also the only product observed when 
nornicotine in CHjClo was agitated at room temperature with an aqueous 
_ solution of indies eoentdin overnight. It is not yet clear how this car- 
bamate 111 was formed but it seems likely to result iagt reaction of 
nornicotine dfrectly with a contaminant in methylene chloride withens 
the intervention of cyanide ion. | 

When diethyl ether was used as the extracting solvent for the con- 
trol experiments with nornicotine neither N-cyanomethylnornicotine nor 
the 133 was: However, of the material recovered, 

44% was nornicotine and about 55% was a new artifact N-(1-cyanoethy1)- 
nornicotine (112), identified by its gc-eims (Figures XLII-B and XLIII- 
B). The ei-mass spectrum of 112 showed the general fragmentation 


pattern of a cyanonicotine derivative: a prominent molecular ion is 


seen at m/e 201 (24.2%), loss of the pyridine moiety from the molecular — 


ion was seen to give the base peak at m/e 123 and loss of HCN (prominent 
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where there is a 8 proton) gave ions at m/e 174 (72%) and m/e 96 (100%) . 
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That the control experiments with nornicotine using methylene chlo- 
ride as the extracting solvent showed the formation of N-cyanomethylnor- 
nicotine while the control experiments using ether showed no cyanomethyl 
compound at all, indicates that the extra source of formaldehyde comes 
mainly from the extracting solvent methylene chloride and not from the 
liver fractions. Similarly, the formation of large amount of the cyano- 
ethyl compound 112 when ether is used as the extracting solvent indi- 
cates that this ieee is contaminated with acetaldehyde. Since the 
formation of 112 does not interfere in the siniihaiiied i the cyanomethyl 
compound, incubates were subsequently extracted with freshly opened 
cans of ether rather than methylene chloride. 

The analyses of the nicotine incubations using diethyl ether as the 
extracting solvent consistently showed that large amounts of N-cyanome- 
thylnornicotine were still formed, proving that N-cyanomethylnornico- 
tine is indeed the result of a metabolic process rather than an artifact 


of the work up conditions. 
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d. Proposed pathways for the formation of N-cyanomethylnornicotine. 
pti the control experiments demonstrated unequivocally that 
Sichdndiiag esenicettin (107) is formed from the metabolism of nicotine 

in the presence of cyanide ion, there still cuandenes some ambiguity as 
to the pathway of its formation. As can be seen from figure XLI, there 
are at least two routes for the formation of N-cyanomethylnornicotine 
under biological conditions. One is the direct route where the interme- 
diate N-hydroxymethylnornicotine (55) is formed and subsequently loses 
the hydroxyl group without any prior carbon-nitrogen bond breaking to 
form the methyleniminium ion 108 which is trapped by cyanide ion. The 
other route is an indirect pathway. vhere ininiidiiie and formaldehyde 
(both are known metabolic products of nicotine metabolism) condense to © 
form the carbinclantas’ $3 aid subsequently the iminium tein 108 and the 
cyanomethyl compound 107. The indirect pathway involves the breaking of 
the a bond of nicotine at some step. This might occur by the elimi- 
nation of formaldehyde from the intermediate hydroxymethylnornicotine 
but other mechanisms are also possible. 

In order to determine whether the direct or indirect mechanism 
actually predominates, a 10 fold molar formaldehyde 


to the incubation of nicotine-N-methyl-d3. Thus the added formaldehyde 


is expected to dilute any metabolically formed DCDO at least 50 fold 
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and the amount of N-cyanomethyl-d9-nornicotine (107a) formed should be 
negligible compared to the amount of N-cyanomethyl-dg-nornicotine (107) 


| formed if the indirect route is dominant. 


The gc-ei mass spectrum (Figure XLIV) of the cyanomethyl compound 
obtained from this experiment showed it to be a one to one mixture of 
N-cyanomethyl-dg- and (m/e 109 vs 111). 
Thua to a significant extent, N-cyanomethylnornicotine appears to be 
‘formed without prior N-C bond cleavage suggesting that the Saale 
esthylenininium ion 108 is generated at least os eae by the direct 
pathway in the course of the in vitro metabolism of nicotine. However 
this conclusion is based on the assumptions that the added formaldehyde 
uniformly dilutes the metabolic formaldehyde pool and that there is a 
substantial amount of added formaldehyde in the betta mixture: 
throughout the experiment. 


There does not seem to be any obvious way to verify whether or not 


the added formaldehyde was evenly distributed with respect to metabolic 
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deuterated formaldehyde. However, according to a recent Pr on in 
vitro N-demethylation by liver microsomes and ‘ii Acie reticulum seg- 
ments in the presence of added mitochondria, formaldehyde produced by 
the mixed function oxidase is handled differently from formaldehyde ad- 
ded to the medium. The metabolic formaldehyde is oxidized by mitochon- 
dria much more quickly because the liver microsomes have the income 

to align themselves close to the mitochondria when present in the same 
medium. Consequently metabolic formaldehyde is released to the medium 
adjacent to the mitochondria. 

While this example cannot be directly applied = the nicotine case, 
it does illustrate that it is dangerous to assume that metabolic oxida- 
tions can be treated as homogeneous reaction mixtures. 

The question of whether there is still excess formaldehyde at the 
end of the incubation was answered more easily. Nicotine-N-methyl-d, 
was incubated with added formaldehyde and cyanide ion and Sena 
2',3',3'-d3 (2c) was added at the end of the incubation as a trap for 
formaldehyde. The ether extract obtained from this cunirtheess was ana- 
lyzed by the selected ion recording (SIR) technique (see Section C.2.f.) 
The results are summarized in Table VIII column A. 


‘A large ion current recorded at mass 112 (ion 113b) was observed 


which indicates that cyanomethylnornicotine-2',3',3'-d3 was the major 
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component of the cyanomethylnornicotine mixture as expected. Further- 
— the gc tracing it was observed that all of the added nornico- 
tine-2',3',3'-d3 was consuned. This showed that . substantial amount of 
the formaldehyde added at the beginning of the incubation was still pre- 
sent. The ion currents recorded at mass 109 and mass 111 (ions 113 and 
113a) are of about equal intensities indicating that cyanomethy1l=do and 
cyanomethyl-d»-nornicotine were formed in approximately equal amounts. 
This confirms the earlier results with added formaldehyde where it was 

P concluded that at least some of the cyanomethylnornicotine formed meta- 
bolically is produced by the direct mechanism which does not involve 


N-C bond cleavage. 


R, Ry = CHoCN, Ro = R3 = Ry = 
R- 113a : R, = CDoCN, Ro = R3 = Ry =H . 

113b : Ry = CHQCN, Ro = Rg = Ry =D 

Ry 113c : Ry = Rp = R3= Ry =D 


The results from the experiments where excess formaldehyde was used 


to trap metabolically formed nornicotine were confirmed by an inverse 
experiment where excess nornicotine-2',3',3'-d3 was used to trap meta- 


bolically formed formaldehyde-d>. 


The results from the SIR analysis of the co-incubation.of nicotine- 
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Table VIII 


The selected ion current record of the cyanomethylnornicotine 

gc peak from the incubation of nicotine-N-methyl-d3 in the 

presence of cyanide ion and 

A. added HCHO and nornicotine-2',3',3'-d3 added at the end of 


B. equal molar nornicotine-2',3',3'-d3 as cosubstrate. 


Ratio % 
mje A B 
113 33 5 
111 1l3a 30 100 
112 113b 100 39 
114 113c 53 


N-methyl-d3 and nornicotine-2",3',3'=d3 are shown in B of Table 
VIII. 

The ion current seen at mass 112 from the cyanomethylnornicotine 
gc peak is largely due to the base peak (ion 114) of 5'-cyanonicotine- 


N-methyl-d3 (104a). 
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Figure XLV. The selected ion current records of the N-cyanomethyl- 

nornicotine gc peak from the incubation of nicotine-N-methyl-d3 in the 

presence of cyanide ion and : 

(A) added HCHO with nornicotine-2"',3',3'-d3 added at the end of. the 
incubation. 


(B) equal molar nornicotine-2',3',3'-d3 as cosubstrate. 
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This was confirmed by a gc-eims which shows that 
ions expected for 104a were also present in the proper ratios. The gc 
peak for 5'-cyanonicotine has a pronounced tendency to tail. Apparently 
the 104a gc peak adsorbs on the dexyl column and is subsequently a 
leased and carried along by the elution of the cyanomethylnornicotine 
peak. This phenomenon was observed in virtually every case where sub- 


stantial amounts of 5'-cyanonicotine and the dexyl column 
was used. 

The ion currents recorded at mass 111 and mass 114 are a measure of 
the relative amounts of cyanomethylnornicotine which are formed by the 
direct and indirect .pathieay. respectively. The amount of nornicotine-dg 
produced by metabolic N-demethylation OR ES should be 
too small to compete with the added nornicotine-2',3',3'-d3 for metabol- 
“Thus only cyanomethylnornicotine-ds (107b) should 
be formed by the indirect pathway while cyanomethyl-d2-nornicotine 
(107a) is produced by the direct pathway (see the scheme shown on the 
next page). The results of the experiment shown on column B of Table 
VIII agree with those from the experiments with added formaldehyde. It 
was found vee a substantial amount of the cyanomethyl compound is 


formed via the direct pathway thus suggesting that the methyleniminium 


ion 108 is a true intermediate in the in vitro metabolism of nicotine by 
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rabbit liver preparations. As in the earlier experiments this conclu- 
sion is based on ois assumptions: (i) the added trap, nornicotine- 
2',3',3'-d3, is mixed into the metabolic nornicotine-dg pool and 41) 
there is still excess nornicotine-2',3',3'-d3 left at the end of the 
incubation. As was the case in the experiments with cited formaldehyde, 
the first assumption is difficult to confirm. However, the second as- 
sumption was shown to be correct by gems. Although there was only a 
small amount of nornicotine left at the end of the incubation, a SIR 


analysis of the nornicotine peak showed it to be an approximately 6 to l 


mixture of nornicotine-2',3',3'-d3 and nornicotine-do. 


| 


e. Factors governing the amounts of metabolites formed. 

Estimation from the gc ‘ainsi of the incubate extracts showed that 
the extent of metabolism was generally from 30% to 50%. Although there 
was a considerable variability in both the eatene of metabolism and the 
relative amounts of metabolites formed from one experiment to another, 
the overall results were remarkably comiesaany 

The relative amount of cotinine formed varied even one experinent 

? 
to another. As expected, incubations with microsomal fractions gave no 
cotinine at all. This is consistent with the fact that the soluble 
enzyme "aldehyde oxidase" seek asp in fact be an alcohol dehydrogenase) 
is not present in the 100,000 x g pellets. ea ‘ineitacilin among the 
results from 10,000 x g oubusienenn fractions may be in part due to 
variance in the extent of inhibition of the aldehyde oxidases by cyanide 
ion. According to mereits. the extent of inhibition is linear with 
the preincubation time up, to 20 tienen and reached 100% at 45 minutes. 
A preincubation time of 12 to 15 minutes would give from 60% to 80% 
inhibition. However the extent of inhibition in our experiments is 
probably lower because the cited values of inhibition are obtained from 
studies with partially purified enzymes. “<i 


The ratio of 5'-cyanonicotine to N-cyanomethylnornicotine was ap- 


proximately 1 to 1 by peak height measurements. This ratio however is 
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> larger by peak area since the 5'-cyanonicotine peak tails and overlaps 
partially with the cyanomethylnornicotine peak. The peak overlapping 
makes the extent of correction unknown. 

Cyanomethylnornicotine sometimes was formed only in a very small 
amount as compared to that of 5'-cyanonicotine. As a result, only one 
broad peak or a large peak with a slight shoulder was observed. When 
the substrate was one of the various bones labeled nicotines, the 
detection ot tie corresponding cyanomethyl compound was not difficult 
since the two cyanonicotine isomers. have —— base peaks in their 
mass spectra (see Figures XXXVII-XXXIX). However when the substrate was 
nicotine-dyj, the detection of cyanomethylnornicotine by gc-eims on the 
2% dexyl column was very difficult. In such cases, a 2% carbowax KOH 
column was used to confirm the formation of N-cyanomethylnornicotine. 
This gc column causes 5'-cyanonicotine to ate by elimination of 
HCN but leaves intact. Unfortunately, this 
column cannot be used in the analysis of cyanomethyl-do-nornicotine 
‘because deuterium exchange of the two methylene deuterons occurs. 

There was no systematic difference in the ratio - the two isomeric 


cyanonicotine compounds or in the extent of metabolisn in going from the 


10,000 x g preparations to the 100,000 x g preparations. However more 


_variability was seen in the 100,000 x g preparations. 


In those experiments where formaldehyde and nornicotine-2' ,3',3'-d3 
were added to trap the metabolically formed nornicotine and formalde- 
hyde-d, respectively, the amount of the cyanomethyl compound was con- 
sistently much greater than that > arlimanaly The extent of 
metabolism remained approximately the same. 


No systematic changes were observed in going from incubations car- 


ried out with racemic nicotine-2',5',5'-d3 and racemic nicotine-N-CD3: to 


we 


incubations carried out with samples having the natural configuration 


(S)-nicotine-dg and (S)-nicotine-5',5'=-do. 


Our in vitro metabolic studies of nicotine were carried out with 


both the homogenate fraction and the microsomal fraction. Each was used 


for incubations carried out at two different pH values, at 7.4 and at 9. 


Since our studies deal with the capture of the methyleniminium ion 108 
by cyanide ion, a change in pH of the would certainly 
be expected to affect the results. Since the pKa of HCN is 9.3, a pH 
change from 9 to 7.4 would juacieee the concentration of cyanide ion 
forty fold. Thus the trapping of the iminium ions 105 and 108 is pro- 
bably not as efficient at lower pH as it is at higher pH. 

It is also expected that enzyme activity will change with pH. 
Since the pKa's of the functional groups at the binding site and at the 


catalytic site of an enzyme are among the factors governing the activity 
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of the enzyme, often an enzyme has a characteristic pH at which its ac- 
162 
tivity is maximal. For example Das and Ziegler reported that the pH 
optima for N-oxidation and N-demethylation of N,N-dimethylaminopyrine 
are 8.4 and 7.4, respectively. If the metabolic conversion does not in- 
volve a neutral substrate it seems reasonable that the optimum pH for an 
enzyme varies depending upon the pKa of the functional group of the sub- 
strate. In fact, for the metabolic N-demethylation process, several opt- 
163 
imal pH values have been reported. Axelrod found an optimum pH from 
7.0 to 7.5 for morphine, -methadone and meperidine while Thompson and 
164 | | 
Holtzman observed an optimum pH at 7.85 for the N-demethylation of 
7 165 
ethylmorphine. According to Takemori and Mannering the optimum pH is 
between 7.9 and 8.1 for the N-demethylation of narcotic drugs. Mao and _ 
. Tardrew reported that the maximum N-demethylation of Erythromycine A 
occurs from 7.8 to at least 8.2 and of 2'-propionylerythromycine A at 
pH 7.4. In spite of these reasons for expecting changes in metabolic 
activity with changes in pH, the in vitro nicotine trapping experiments 
did not show any observable differences between those carried out at pH 
7.4 and those carried out at pH 9. However it should be noted that 
careful quantitation of the extent of metabolism was not done and small 


changes may have gone unnoticed. 


In explaining the two products 5'-cyanonicotine (104) and 2'-cyano- 
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nicotine (106) obtained from the oxidation of nicotine by mercuric 
acetate and EDTA followed by the quenching of the intermediate mixture 
153 
with cyanide ion, Sanders, et al. suggested that the ratio of 5'- 
cyanonicotine to 2'-cyanonicotine is dependent on the pH of the reaction 
mixture to which cyanide ion is added. These workers seemed to implicate 
a pH dependent equilibrium between the Al(S)iminium ion and Al(2)-imin- 
ium ion (105 and 115). If this implication is correct, then it is 


plausible that the methyleniminium ion 108 is included in this pH de- 


pendent equilibrium. 


However, a close examination of the eims of various deuterated 
5'-cyanonicotines and deuterated cyanomethylnornicotine obtained from 


incubation mixtures (Figures XXXVII-XXXIX) has revealed only the 


+ + 
| 
+ 
“A N 
N CHe 
108 


expected numbers of deuterium atoms in each case. This is not consist- 
ent with the equilibria shown since this would cause an exchange of the 
a-C deuterons with the ee the acétun. Furthermore we did not 
see any change in the relative amounts of 5" =cyanonicotine pre N-cyano- 


methylnornicotine formed metabolically with pH, nor did we see any evi- 


dence for the metabolic formation of 2'-cyanonicotine. 


194 


| 


UMI 


195 


f. Determination of the isotope effect 


in the metabolism at Cc of nicotine. 


The first step in the metabolic transformation of nicotine (1) to 
cotinine (3) is believed to be an e-tohydrenylattes; In the pres- | 
ence of cyanide ion the 5'-hydroxynicotine (45) formed can be trapped 
as 5'-cyanonicotine (104) due to its equilibrium with the iminium ion 
105. If a mixture of 5',5'-dj labeled and unlabeled nicotine is used in 
the incubation the ratio of the amount of deuterated and undeuterated 
5'-cyanonicotine formed should reflect the deuterium isotope attect ‘68 
the initial a-C-hydroxylation. The isotope effect determined from this 


experiment can be compared to those determined for metabolic N-dealkyl- 


ations since an initial a-C-hydroxylation is believed to be the first 


step in this type of metabolic transformation too. 


Cyt. Faso 


D OH 
N“ *D N“ *‘p 
CN CN + 
CH N- CH, 


There are several studies reported in the literature of deuterium 
isotope effects in microsomal oxidative demethylations when a-C-H bonds 
are replaced by a-C+D bonds. The isotope effects (k,,/k,) reported are 
usually less than 2. By measuring the amount of formaldehyde evolved 

167 
Elison, et al. observed that morphine (46) underwent N-demethylation 
1.4 times as fast as morphine-N-methyl-d3 (46a), while Thompson and 
164 
Holtzman determined the average isotope effects in the N-demethyl- 


ation of ethylmorphine-N-methyl-d3 (11b) to be about 1.25. 


46 : R, = CH3, Ro =h 
46a : R, = CD3, Ro = H 


11b = CD3, Ro = -CH>CH3 


By replacing only one of the methyl groups of N,N-dimethyl-3-phenyl- 
propane (116a) with a trideuteriomethyl moiety, a deuterium isotope 
effect was determined from the ratio of deuterio to esenee products 
(116b and 116c) formed from Pe same compound. In this way any isotope 
effects due to changes in the basicity of nitrogen upon substituting a 


CH3 group with a CD3 group were avoided. Abdel-Monem reported the 


k,/k) value in this case to be 1.45 when mouse microsomes were used and 


196 


N-R, 

| 

| 


197 


169 
1.32 when rat microsomes were used. Nelson et al. reported that the 


isotope effect in the N-de-ethylation of lidocaine-d, (117a) was 1.49 


which is similar to those found for N-demethylations. 


| R, 


R, = Ro = CH3 


R; = H, Ro = CD3 


D 


Ry, = CH35 Ro = H 


H 
¥. 
NH—C—CHo—N 
“CD 
chs 
| ll7a 


These k,/k, values are small as compared to the normal primary 
deuterium isotope effects (6-10) observed for most chemical reactions. 
The minimum theoretical k,/kp value is equal to the square root of the 

| 170 | 
mass ratio m,/m, which is 1.4. This has led many investigators to 
conclude that primary deuterium isotope effects are involved in enzymatic 
| oxidative N-dealkylations and that the breaking of the a-C-H bond is the 
164,167-169 
rate determining step. 
Our isotope effect studies were carried out with the microsomal 


fraction from rabbit liver. By completely removing the soluble enzymes 


the loss of 5'-hydroxynicotine (45) via oxidation to cotinine is mini- . 


mized and thus it should eventually be trapped quantitatively as 
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5'-cyanonicotine (104). The presence of cyanide ion in the system is 
known not to affect the activity of the microsomal cytochrome Py5o 
—_, ‘sia thus the isotope effect should not be affected ae, 
p emreaysieb 1:1 and 2:1 mixtures of nicotine and deuterated nico- 
tines were incubated and the 5'-cyanonicotine formed was analyzed by 
gc-eims selected ion recording (sm). In this method of analysis the 
mass spectrometer is used " a mass specific detector at a limited 
number of masses. This is accomplished by holding the — spectrome- 
ter's magnetic field constant while switching the accelerating voltage 
between the values pieeainiee to bring the desired ions into focus. If | 
the switching rate is fast enough one obtains an essentially continuous 
record of ion current intensities at a few selected masses vs time. 
This method of isotope ratio determination is superior to magnetic scan- 
ning because of its greater sensitivity and because there is normally + 
slight difference in gc eae oom time between deuterated and undeuter- 
ated compounds. This eittevense while not usually enough to separate 
the gas chromatogram into two peaks is enough to cause the instantaneous 
ratio of deuterated to undeuterated compound being eluted from the si 


column to change continuously throughout the width of the gc peak. Thus 


magnetic scanning which gives an essentially instantaneous sampling of 


the gc peak is not likely to give an accurate measurement of the isotope 
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ratio. However by using the technique of SIR the total ion current 
record at each mass is available and the isotope ratio can be determined 
from the peak areas at each mass. Unfortunately by changing the accel- 


erating voltage the sensitivity of the mass spectrometer is also changed 


and if accurate quantitation is desired a standard curve must be con- 


structed. 
m/e 84 m/e 86 m/e 109 m/e 110 


In an initial experiment, the iaititeaas ion iii was 

used to analyze the results from the incubation of an approximate 1:1 
ratio of (S)-nicotine (1) and (S)-nicotine-5',5'-d» (la). By monitoring 
m/e 84 which is the base peak in the sins'of ) wale 86 which is the 
base peak in the eims of la, an ion current ratio of 0.83 (m/e 84 to m/e 
86) was obtained (see Figure XLVI-A). This value was taken as the ratio 
of the amount of nicotine-dg to the amount of nicotine-d> present. By 
monitoring m/e 109 which is the base peak in the eims of 5'-cyanonico- 
tine (104) and m/e 110 which is the base peak in the eims of 5'-cyano- 


nicotine-5'-d, (104b) , a ratio of 0.74 (m/e 109 to m/e 110) was found 


(see Figure XLVI-B). Before this value can be taken as the ratio of the 
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(A) 


Figure XLVI. 


The selected ion current records of the (A) nicotine 
gc peak and (B) 5'-cyanonicotine gc peak from the incubation of an 


approximately 2:1 mixture of nicotine-dg and nicotine-2',5',5'-d3 
in the presence of CN ° | 


(B) 


amount of 5'-cyanonicotine to the amount of 5'-cyanonicotine-5'=d; oa 
=e it must be corrected for the natural !%C abundance at m/e 110 in the 
eims of 5'-cyanonicotine. This was done by obtaining the selected ion 
record for 5'-cyanonicotine; the ratio of m/e 110 to m/e 109 was found 
to be 0.074 (theoretical for CgNo, 0.074). After making this correction, 
the isotope effect was calculated to be 0.96. Since the pure 5*<cyano= 

| nicotines were not available in adequate amounts for the construction of 
i siedlinanl curve this calculation may be as much as 10% in error. 

In a second series of experiments the problem of having to correct 
for the !3¢ was avoided by using nicotine-2',5',5'-d3 (1b) as the label- 
ed substrate. This iain also allows us to observe the effect of a 
change in asymmetry at Co: since the nicotine-dg used was the pure (S) 
form while the nicotine-2',5',5"-d3 used was eanaiie. This experiment 
on carried out using two different ratios (m/e 84 to m/e 87 = 0.86 and 
1.32) of natural (S)-nicotine to racemic nicotine-2',5',5'-d3. A se- 
lected ‘ton analysis showed a ratio of 0.86 and 1.33 respectively (m/e 
109 to m/e 111) for the relative amounts of 5'-cyanonicotine-dg to 
5'-cyanonicotine-2",5'=d> formed in each experiment. This indicates an 


isotope effect of 1.0 + .1 for both ratios. 


The results from these experiments show a surprising lack of speci- 


_ ficity; neither the presence of deuterium at the site of bond breaking 
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nor a change in stereochemistry of the molecule appears to have had any 


influence on the rate of nicotine metabolism at the Cs: position. The 


reason for this unexpected result is as yet unknown. 
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g. Confirmation of nornicotine as a nicotine metabolite. 


Early investigators concerned with the metabolism of nicotine did 

not' find any evidence that nicotine underwent enzymatic N-demethylation 
172 
to form nornicotine. Larson and Haag reported that no demethylated 
products were detected in urine of dogs given nicotine. methiodide, nico- 
tine isomethiodide or nicotine dimethiodide. Furthermore, a number of 
studies with randomly 14¢ labeled nicotine showed no radioactivity in 
173 

the respiratory carbon dioxide from rats, mice and dogs. On the 
basis of these early studies it was concluded that no N-demethylation of 
nicotine occurred in biological systems. However, in later experiments 
with nicotine specifically labeled at the N-methyl group with ag. 
approximately 5% to 15% of the original activity was reported to be in 


| 81,91,174 
the expired carbon dioxide. 


Further studies both in vivo and 

in vitro with nicotine-N-!*CH3 and nicotine-2'-!"C as substrates have 

demonstrated not only the formation of up to 20% of 140, or H!4CHO but 
91-93 

also the presence of nornicotine among the metabolites of nicotine. 

The negative results in studies with randomly labeled nicotine-!*c may 


have been due to the very low activity located at the N-methyl carbon. 


However this issue even now is not considered to be settled. There have ee ad 


been a number of in vivo and in vitro studies with nicotine-N-!"CH3 in 


which neither nornicotine nor a significant amount of 14co, was 


7, 175) 68 
detected. 


74 
Gorrod and his coworkers have also failed to detect nornicotine 


oo. 


in in vitro studies by gle even though the method is capable of detect- 


ing submicrogram levels. Very recently, Gorrod and Jenner in an exten- 


| 17 
sive review of the metabolism of tobacco alkaloids again raised the 


question as to whether nornicotine is truly a hepatic metabolite of 
nicotine. These authors reasoned that since demethylcotinine (49) isa 


metabolite of nicotine and radioactive expired carbon dioxide was detect- 


175 
ed only after 30 minutes of incubation, it was the N-demethylation of 


cotinine to demethylcotinine which was responsible for the 140, detect- 


. ed. These authors concluded that if the N-demethylation of nicotine to 


nornicotine indeed occurs, it must occur in the kidneys. 


A careful examination of the experimental details of all the above 


cited studies reveals that either chloroform, methanol or a mixture of 


the two solvents was used in the isolation of the dntitnttins. In those 
studies successful detection of nornicotine was milli- 
gram levels of nicotine were used while in those studies where nornico- 
on not seen, _ microgram levels of nicotine were used. In the 
studies by Gorrod, Jenner and their coworkers, 20 ml of methanol was 
used to stop the incubation of 5 umoles of nicotine. 


In our ‘own studies we have observed that small amounts of nornico- 
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tine are difficult to recover by extraction, apparently because of the 
propensity of nornicotine to react with the erace impurities present in 
the commonly employed solvents. In our synthesis of nornicotine by a 
sodium borohydride reduction of myosmine in methanol-water, it was ob- 
served that a small amount of nicotine is also produced. Since formal- 
dehyde is known to be a trace impurity in methanol, presumably the nico- 
tine was lake by the reaction of.nornicotine with formaldehyde to form 
the methyleniminium ion 108 which is then reduced with sodium borohy- 
dride. What the fate of the methyleniminium ion is in the absence of 
NaBH, and in the presence of a biological medium or other solvent impur- 
ities is unknown. A further example of nornicotine by-products being 
formed from solvent contaminants is discussed in the "genesis of anne 
methylnornicotine" section of this dissertation. It should also be 
noted that chloroform has been shown to react eine with secondary 

Another reason why nornicotine may be difficult to detect in small 
scale biological studies is that much of the nornicotine formed may un- 


dergo further metabolism. Our own work clearly illustrates some of the 


difficulties in recovering nornicotine from the biological medium. In a 


typical study where a relatively large amount of a I:1 mixture of —_ 


tine-N-CD3 (1¢) and nornicotine-2',3',3'-d3 (2c) were co-incubated in 


| 


the presence of cyanide ion, the ratio-of the substrates recovered at 
the end of the incubation period was more than 20:1. At least 10% of 
the missing nornicotine was accounted for by the metabolites myosmine 
and 2'-(3-pyridyl)-A5-pyrroline (98). Another 6% was accounted for as a 
cyanopropylnornicotine which presumably arises from a three carbon alde- 
hyde present as an impurity in the work-up solvent diethyl prone The 
remaining 84% of the missing nornicotine was unaccounted for and presum- 
ably was lost as other metabolites or due to reactions with other sol- 
vent impurities. 

In experiments where nicotine was incubated alone in the presence 
of cyanide ion we were rarely wae to detect the formation of nornico- 
tine itself. However we were able to consistently detect the presence 
of the A°-pyrroline 98 which as we have shown (Section C.1.b.) is a 
nornicotine metabolite. 

It is believed that the catia of cyanide ion does not affect the 

176 


biotransformations mediated by the cytochrome 9 enzyme systems. 


If this is true those experiments discussed in the previous sections 


_ where formaldehyde was added to trap metabolically formed nornicotine 


and where nornicotine-2' ,3',3'-d3 was used to trap metabolically formed 


formaldehyde have shown that nornicotine is a metabolite of nicotine and 


that enzymatic N-demethylation of nicotine does take place in the liver. 
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Conclusion. 


The bulk of evidence in the a indicates that the metabolic 
hydroxylation at carbon atoms a to a nitrogen atom is a very common bio- 
transformation in drug metabolism. The product of this biotransforma- 
tion sation in the case of cyclic amines may be a lactam, resulting 
from further metabolism of the a-hydroxylated intermediate or a dealkyl- 
ated product (together with an aldehyde i ketone) which results from 
the breakdown of the inital intermediate. There are now a number of 
examples where the product obtained is the result of a simple dehydration 
of the initially formed Sadia: The nornicotine metabolites myos- 
mine and the isomeric 4°-pyrroline compound are examples which are first: 
sled in this dissertation. The formation of an oxime in the meta- 


177 3 
bolism of benzyl N-benzylcarbethoxamate may be another example. 
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In addition to the elimination of water from the hydroxylated inter- 
mediate the reversible ibiiiainen of OH to form an iminium ion may 
occur. Literature evidence for iminium ions is based on the formation © 
of two types of products. 

(1) When a built-in nucleophile is available, a stable cyclic 

product is formed spontaneously, such as in the metabolism of 


178 | 179 
lidocaine (117) and in the metabolism of Bisolvon (118). 
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(2) When there is no built-in nucleophile available, any nucleo- ¢ 


phile present in the medium may trap the iminium ion. 

The cranuead of nicotine A!’ (5') -iminium ion with cyanide ion has 
already been discussed as have the ee of the work from this dis- 
sertation on the trapping of the nicotine N-methyleniminium ‘in. 

Another example may be the identification of 119 as a metabolite of 
caffeine (20) in the idee. The authors of this work were unable to 
explain how this metabolite is formed or what the source is of the S- 
methyl group. Although the source of the S-methyl group is not aie 


the mechanism shown below may account for formation of the metabolite. 
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Besides the direct metabolic formation of iminium ions there is 
also evidence that they can be formed in vivo by the iisiietion of a 
secondary amine with an aldehyde. This has aes found to occur when 
large amounts of alcohol — ingested. The compound 123 is formed from 
L-dopa (120) and ne ccupeued 122 is formed from a metabolite (121) of 
lidocaine by the condensation of these compounds with acetaldehyde 


178, 181 
formed from the metabolism of ethanol. 
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The iminium ions generated from the pyrrolic metabolites of the 


pyrrolizidine alkaloids have been attributed to be the cause of the 


182 183 
hepatotoxicity of these compounds. Mattocks and White studied the 


metabolism of two types of pyrrolizidine alkaloids 124a and 124b in rats 


both in vivo and in vitro. The main products are the pyrroles 125a and 


125b. 
CH,0CO CH,O0CO 
1244 125a 
R 
CH,OCO CH,0CO 
124b 125b 


It was observed that only the formation of the type b metabolite 
was associated with liver damage; a definite relationship was found 
between the amount of type b pyrrolic metabolite formed in vitro and the | 
hepatotoxicity to rats in vivo. It was also shown.that the acute tox- 
icity of retrorsine et eae in rats fed on a protein free or sucrose 


free diet. Microsomes made from rats fed with this diet were shown in 


in vitro experiments to produce lesser amounts of metabolites than 
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microsomes prepared from rats receiving a normal diet. Thus it was con- 
cluded that the formation of the type b pyrrolic metabolite is related 

to the toxicity of the parent drug. This was untae ts being due to 
the ability of the pyrrolic metabolites formed from unsaturated precur- 
sors. to form highly electrophilic iminium ions ¢ and d which are oneide 


of binding to cell protein. Metabolism of the saturated precursors 


gives the pyrrolic metabolite 125a which can not give similar iminium 


ions. 
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The lidocaine iminium ion 122a and the nicotine Al’ (5')-iminium ion 
105 mentioned above have been cited as species which may bind to macro- 


67,178 
molecules. ’ ‘Thus a study of iminium ions formed by metabolic alter- 


ation of xenobiotics not only provides us with clues as to the nature of 
the mechanism of metabolic oxidations by @ ke cytochrome P,59 enzyme 


system but also may lead us to an understanding of how certain of these 


compounds cause cellular damage. 
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Chapter V 


EXPERIMENTAL 


General 


All reactions were carried under a nitrogen atmosphere unless 
otherwise stated. Melting points and boiling points are uncorrected. 
All chemicals used were reagent grade unless otherwise specified. 

Infrared (ir) spectra were taken on a Perkin Elmer 337 grating 


spectrophotometer. Intensities of infrared absorption bands are given 


as (sh) sharp, (s) strong, (m) medium, (w) weak, and (b) broad. A 


Varian A 60 instrument was used to obtain nuclear magnetic resonance 
(nmr) spectra. Chemical shifts are given in parts per million downfield 
from internal tetramethylsilane (TMS) in all solvents except D20 where 
the sodium salt of 2,2-dimethyl-2-silapentane-5-sulfonate (SDSS) was 
used. Spin multiplicity is given as (s) singlet, a) doublet, (t) trip- 
let, (q) quartet, (p) pentet or (m) multiplet. Many of the compounds 
reported here contain a 3-substituted pyridine moiety. The pattern seen 
a the nmr for 3-substituted pyridines is discussed for nicotine in 
Section — of Chapter IV. 

Ultraviolet (uv) spectra were obtained on a Cary 15 spectropho- 


Electron impact mass spectra were obtained either by direct inser- 
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tometer. 
G 


tion or by gas chromatography mass spectrometry (gems) on an AEI MS-12 
mass spectrometer which is interfaced to a PDP 8/I computer using the 


DS-30 software. The AEI MS-12 is a medium resolution single focusing 


magnetic sector instrument. An Infotronics 2400 gas chromatograph using 


helium as the carrier _ is interfaced to the mass spectrometer via a 
Biemann-Watson molecular separator. Unless otherwise stated, mass spec- 
tra were taken with an 8 kV accelerating voltage, a trap current of | 
500 uA, an electron beem energy of 70 ev, a source temperature of 200°C 
and a resolving power of 1,200. 

Optical rotation was euesured on a Perkin Elmer 141 polarimeter at 


a concentration of 1 g of compound in 100 ml of methanol. 
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N-Nicotinoyl-2-pyrrolidinone (60a). 


In a 1000 ml 3-necked round bottom flask equipped with a mechanical 
stirrer, a dropping funnel, a condenser and a nitrogen bubbler, was 
placed nicotinic acid (10 g, 0.0813 moles). Thionyl chloride (eats. 

30 g, 0.25 moles) was added dropwise with stirring. The resulting mix- 

ture was heated under reflux for 2.5 hours. Excess SOCl2 was removed by 
distillation at atmospheric pressure. The remaining traces of SOC12 
were removed by co-distillation with absolute benzene. After the solid 
in the reaction flask had cooled, pyridine (10 g) was added in one por- 
tion and the reaction mixture was stirred for l wan at room temperature — 
following which 40 ml of dry dichloromethane was added to facilitate 
stirring. To this solution 2-pyrrolidinone (63, 30 g, 0.31 moles) in ene 
ml of dichloromethane was added dropwise over a period of 1/2 hour. The 
reaction mixture turned dark brown when about 1/3 of the total amount of 
had been added. When the addition was complete the 
tion mixture was heated to 50-60°C to help break up the large chunks of 
solid and then stirred at room temperature for 15 hours. The resulting 
mixture was made to pH 4-5 with dilute HCl and extracted seven times 
with 350 ml portions of dichloromethane. Both the aqueous and the 
organic layers were dark. The extracts were combined and dried over 


sodium sulfate and the solvent was removed on the rotary evaporater. 
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The brown residue was analyzed by gc on a 3% OV-17 column (75°C for 

1 min then increasing 10°C per wisi and was found to contain the 
desired compound 60a, pyridine and 2-pyrrolidinode. On standing the 
residue partially solidified and most of the pyridine and 2-pyrrolidin- 
ons were poured off. the erate solid after several alternate recrystal- 
lizations from ethyl acetate and benzene yielded white needle like 
crystals (8.45 g, 54% anne on nicotinic acid), mp 103-105°C (it. mp 
103-105°C); nmr (CDC13, TMS, Figure v) 6 1.8-2.3 2H, Cy), 
2.2-2.9 (q, 2H, C3), 3.9 (t, J = 6.5 Hz, 2H, Cs), 7.0-9.0 (3m, 4H, a 
typical 3-substituted pyridine pattern); eims m/e (relative 
“ait 190 (352), 162 (26.7%), 106 (100%), 78 (742). 


N-(A2' -Pyrrolinyl)-2-pyrrolidinone (66d). 


In experiments where thionyl chloride was not exhaustively removed 
the above procedure yielded a dark brown oil which solidified upon 
standing to give 647 mg of a crystalline material. Upon sublimation 


(70°C, 0.1 mm) a white solid , mp 92° Safe was obtained; eims m/e (rel- 


4 


ative intensity) M’-152 (93.7%), 151 (100%), 123 (22%), 97 (87.5%), 68 
(53%); nmr (CDC1l3, TMS, Figure IV) 6 1.7-3.3 (m, 6H, Cy, C3 and C3!), 
3.55 (s, 1H, N-H), 3.7 (t, 2H, J = 8 Hz, Cs!), 4.1 (t, 2H, Cs, J = 9 Hz), 


5.05 (t, 1H, Co', J = 3 Hz); ir (CHC13) v 1720 cm~ (s, C=0), 1630 cm? 


7 


1 


(s, C=C), 1400 cm~ (s, =C-H). 


—_ 


The optimum pH for the extraction of N-nicotinoyl-2-pyrrolidinone (60a). 


Pure N-nicotinoyl-2-pyrrolidinone (100 mg) was dissolved in 20 ml 
of water. The solution was made to the desired pH with dilute HCl 
(0.2 M) and concentrated potassium carbonate iene. The pH was mea- 
‘sured to the nearest 1/2 pH unit by using non-bleeding pH strips. The 
resulting solution was extracted four times with 20 ml portions of 
dichloromethane. The organic extracts were dried over sodium sulfate. 
Thin layer chromatography (ethanol, precoated silica oa GF, 250 microns, 
_ Uniplate, Analtech Inc.) of the extract showed in every case only a 
single .spot corresponding to 60a. Upon removal of the solvent the resi- 
due was weighed; the percentage of recovery is shown in Table II (see 


- Chapter IV Section A.1). 


Pyrolysis of N-nicotinoyl-2-pyrrolidinone (60a) to myosmine (58). 


Equal weights of powdered N-nicotinoyl-2-pyrrolidinone (1.5 g, 


7.36 mmoles) and powdered calcium oxide (ultrapure grade, 1.5 g, 26.78 


mmoles) were placed in a special 10 ml round bottom flask fitted with 
a special dry ice acetone condenser-receiver (see drawing below). The 


pyrrolyses were carried out either with a free flame or a salt bath (an 
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equal molar mixture of NaNO» and KNO3) under atmospheric pressure or 
reduced pressure (0.3 mm) in air or in nitrogen, gradually or quickly 
heated, with crude or with highly purified starting materials. In all, 
40 different variations in technique were attempted. All of these exper- 
iments gave sintler results. The pyrolysates obtained were between 0.6 g 
and 0.7 g. The ge tracings of the pyrolysates dan OV-17 32, 10°C for one 
minute then increasing 10°C per minute) were very similar. Pyridine, 
2-pyrrolidinone, myosmine, and at least eight other major seilhaeis 
products were seen by gc. The estimated yield of myosmine as deiepentand 


from the ge tracipgs was 8=102%. 


dry ice-acetone 


To No or 


vacuum pump 
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3-Nicotinoy1~2-pyrrolidinone (68). 

The sninisiaiaite used is essentially that of Korte and ete ex- 
cept for the workup. All glassware was baked in the oven for at least 
one hour before use. 

A solution of N-nicotinoyl-2-pyrrolidinone (60a, 19.0 g, 0.10 moles) 
‘in 400 ml of absolute benzene (dried over metallic sodium) was warmed to 
50°C and introduced slowly through a dropping funnel to a well stirred 
suspension of NaH (57% in oil, 7.2 g, 0.17 moles) in 10 ml of absolute 


benzene contained in a 3-necked round bottom flask equipped with a con- 


denser. The greenish yellow reaction mixture was stirred in a water bath 
at 50-60°C for three days. After cooling in = ice bath, ton water was 
added to decompose the excess hydride. This mixture separated into two 
layers. “The top benzene layer was yellow and the bottom aqueous layer 
was milky white. Cold concentrated HCl was added with constant stirring 
to poe ks a pH of about 1. The aqueous layer after a pre-extraction 
hie then (4 x 80 ml) was adjusted to pH 9 and extracted again with 
3 chloroform (4 x 80 ml). The chloroform extvacts wees combined and dried 
- over sodium sulfate. After removal by rotary 15 g 
of a cleat teom syrupy oil was eiees. This oil solidified upon 


standing at room temperature for two days to give a dirty white solid. 


After recrystallization from toluene or upon sublimation (90°C, 0.1 mm) 
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a white crystalline solid (13 g, 69%) was obtained: mp 100-101°C; nmr 
(CDC13, TMS, Figure VI) 6 2.0-3.7 (2m, 4H, Cy, and Cs), 4.45 (2d, 1H, C3), 
7.68 (broad s, 1H, N-H), 7.3-9.3 (4H, a typical 3-substituted pyridine 


pattern); ir (CHC13) v 3440 oa (sh, m), 3325 ca”! (b, m), 1720 a 


| %, 

(s), 1700 cm (s); uv (EtOH) A 300 nm (ce 1100), 267 (e 3750), 225 nm 
(e 9800); cims (isobutane, on an AEI MS-9 with a specially modified 
source for chemical ionization) MH 191. 


Anal. Calc'd for Cj9Hj9N20o: C, 63.14; H, 5.30; N, 18.73. 


Found: C, 63.33; H, 5.30; N, 18.84. 


2'-(3-Pyridyl)-A!' -pyrroline (myosmine, 58). 


This compound was synthesized according to the method of Korte and 


Steinen. 

In a 100 ml coun bottom flask were placed 13 g (0.069 moles) of 
3-nicotinoyl-2-pyrrolidinone (68) and 20 ml of concentrated HCl (37-382). 
The reaction mixture was heated under reflux in air for five hours. 

After cooling to room temperature, the pH was adjusted to 9.5-10 with 


saturated aqueous potassium carbonate. The resulting solution was 


extracted with 4 x 80 ml portions of chloroform. The combined chloroform 


extracts were dried over anhydrous sodium sulfate and evaporated under 


reduced pressure to give 6.3 g of a crude solid (63% yield): mp 39-41°C 
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98 
(lit. 45°C). Myosmine was recrystallized from diethyl ether to yield 
yellowish white crystals; nmr (CDCl3, TMS, Figure VII) 6 2.1 (distorted 
p, 2H, Cyr), 3.0 (distorted t of t, 2H, C3'), 4.15 (t of t, 2H, Cs’), 


7.2-9.0°' (4H, a typical 3-substituted pyridine pattern); ir (CHC1 3) iden- 


| 98 
tical to the reported spectrum,  v 1621 cm s (sh, s, C=N); eims (Figure 


lll 
XII) identical to the reported spectrum, m/e (relative intensity) 


M’ 146 (83%), 145 (43.8%), 118 (100%), 91 (7.7%). 


Myosmine-3',3'-d> (58a). 
_ All didtinnles was baked over night in the oven. Potassium carbo- 
nate was placed in a test tube and heated by a free, flame to expel 
rs 
adsorbed moisture and was then baked in the oven-evemaiaien before use. 
In a 25 ml round bottom flask fitted with a condenser and a mag- 
netic stirrer were placed myosmine (730 mg, 5 mmoles), potassium car- 
bonate (305 mg, 2.2 mmoles) and Do0 (5 ml, 99.8% D, 275 mmoles). the. 
reaction flask was heated il a bath at 80-90°C for five days. 
The solution was cooled to room temperature and extracted with dry 
chloroform (4 x 10'ml). The atin were combined and dried over 
sodium sulfate. The extent of deuterium incorporation was analyzed by 


nmr and eims. The nmr spectra of myosmine-dg and myosmine-3',3'-d2 


D,0 are shown in Figures X and XI. The distorted triplet at 6 2.9 ppm 


; 222 
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assigned to the two protons at C3! of myosmine-dy disappeared in the 


spectrum of myosmine-3',3'-d5; the pentet at 2.1 ppm became a triplet 
(2H, J = 8 Hz, Cy); the triplet at 4.1 ppm became more defined (2H, 
J = 8 Hz, Cs:). The small signal from 2.9-3.2 ppm was believed to be an 


impurity since the nmr of myosmine-3',3'-d> after a second exchange 


showed the same signal. The eims of myosmine-3',3'-d> is shown in Figure 


XII: m/e (relative intensity) vi 148 (64.6%), 147 (43%), 118 (100%). The © 
isotopic composition of myosmine-3',3'-d2 could not be determined direct- 


ly due to the interference of the [M-1]* and [M-2]* peaks in the molecu- 


ar_ion region. ‘Tp. 


directly by reduction of (see 


below) was 96% do and 4% 


Asymmetric reduction of myosmine with (-) di-isopinocampheylborane (73). 


In a 3-necked round bottom flask equipped with a condenser, magnet- 
ic stirrer, addition funnel, and nitrogen bubbler,was placed (+) a- 


pinene (680 mg, 5 mmoles) in 1.25 ml of diglyme. To this was added 


sodium borohydride (69 mg, 1.8 mmoles) in: 2 ml of diglyme. The reaction 


vessel was cooled in an ice bath and boron trifluoride etherate (0.63 ml 


2.5 mmoles) in 1.3 ml of diglyme was added rapidly dropwise with stirring 


under nitrogen. 


The resulting mixture was stirred at 0°C for four hours. 
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During this time a white precipitate was formed. Myosmine ee 1.0 
mmoles) in 0.5 ml of aici was added dropwise and the reaction mixture 
immediately turned orange. This was stirred at room temperature for 
four days. Water (2 ml) followed by acetic acid (2 m1) was added to 
stop the reaction. The resulting mixture was stirred overnight and then 
was dumped into 20 ml of water. This was made to pH 1 with hydrochloric 
acid ne was then extracted with ethyl acetate (4 x 20 ml) to remove 
Py diglyme and a-pinene. The aqueous layer was made to of 10 with potas- 
en carbonate and was extracted with chiorofore (4 x 10 ml). The 
chloroform extracts were dried over anhydrous sodium sulfate and the 
solvent was removed to give 0.5 g of a liquid residue. This was taken 
up in 10 ml of diethyl ether and the ether solution was filtered. GC 
analysis (3% OV-17, 100°C for one minute then increasing 10°C per minute) 
showed two peaks in an approximate 10:1 ratio. The major component 
ys corresponded in retention time to diglyme and the minor component corres- 
ponded to nornicotine. An eims obtained by direct insertion showed 
mainly the m/e peaks expected for nornicotine: m/e (relative intensity) 
148 (58%), 147 (56%), 119 (100%), 70 (932). 
An analysis of the enantiomeric composition of this product was done 
using PFBPI (see below); the gc tracing showed a 1.4:1 ratio of diaster- 


eomers. 


va 
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Asymmetric reduction of myosmine with lithium methyl-(hydro)-(-)-dipinan- 


3a-ylborate (77). 


A solution of borane in THF (1 M, 40 ai, 0.04 moles) 7 added 
dropwise over a period of five hours to a. solution of (+) a=pinene (8:14 
g, 0.06 moles) in 25 ml of digl . The anil mixture was magnetical- 
ly stirred under a nitrogen siden and cooled with an ice bath. When 
the addition was complete methyl lithium (20 ml, 1.5 M ether solution, 
0.03 moles) was added dropwise with stirring to the reaction mixture over 
a period of 3 iis Myosmine (146 mg, 0.0010 moles) in 5 ml of diglyme 
was then introduced. The resulting senaehinn mixture was allowed to warm 
to room temperature. Half of the reaction mixture was removed and worked 
up after 45 hours and the other half was worked up after four tink ens 
cording to the following procedure: the mixture was made acid with 4 N 
‘HCl and was then evaporated to dryness under reduced pressure. _ The res- 
idue was taken up in 20 ml of water. This was extracted vires times with 
20 mi portions of ether. The aqueous layer was made alkaline (pH 9) with 
concentrated aqueous potassium carbonate and was extracted four times 
with 20 ml portions of ether. The ether ; were dried over sodium 
sittueh. Upon removal of the solvent each fraction gave about 50 mg of 


residue. A ge analysis (2% carbowax KOH, 185°C) showed diglyme, nornico- 


tine and myosmine in a 7:1:5 ratio for the 45 hour fraction and a 7:2:2 
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ratio for the four day fraction. 


Nornicotine [2'-(3-pyridyl)pyrrolidine, 2]. 


In a 100 ml round bottom flask fitted with a magnetic stirrer were 
placed 760 mg of sodium borohydride (20 mmoles) and 120 ml of an ethanol — 
water mixture (1:3). Myosmine (1.46 g, 10 mmoles) dissolved in 10 ml of 
the same solvent mixture was added in one portion to the reaction flask. 


The reaction mixture stirred at room temperature for 5-6 days. It was 


then extracted five times with chloroform (140 ml portions). The com- 


bined extracts were dried over sodium sulfate. Solvent removal by rotary 
evaporation gave a pale yellow liquid residue which weighed 1.37 g. A . 
short path distillation (94°C at 0.5 mm) yielded a colorless liquid (1.30 
g, 90%); nmr (CDC13, Figure VIII) 6 1.2-2.4 (m, 4H, C3! and Cy), 2.65 
(s, 1H, NH), 3.1 (m, 2H, C51), 4.15 (t, 1H, Co’), 7.0-9.0 (4H, a typical 

| 3-substituted pyridine pattern); the ir and uv agreed with the reported 
157 


spectra; eims (Figure XIII) m/e (relative intensity) M’ 148 (23%), 147 


(32%), 120 (34%), 119 (100%), 70 (90%). 
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Nornicotine-2-d, (2a). 


This compound was synthesized according to the procedure described 


above except that sodium borodeuteride (96% D) was used instead of 


sodium borohydride. The nmr spectrum of the product in CDCl3 (Figure 


IX) showed by the disappearance of the signal at 6 4.25 which was as- 
signed to the protes at Co: that there was a deuterium incorporation of 
about 95%. An analysis of the ei mass spectrum gave an isotopic compo- 
sitiow of 96% d, and 4% dg (see Figure XIV): m/e (relative intensity) 
M’ 149 (30%), 120 (100%), 71 (99%), 70 (7.7%). 


Nornicotine-3' ,3'-d> (2b). 
This compound was synthesized in the same manner described for the 


synthesis of nornicotine-dg but starting with myosmine-3',3'-d>. The 


eims (Figure XIII) showed a deuterium incorporation of at least 96% do 


and 4% d,: m/e (relative intensity) M’ 150 (28%), 119 (100%), 72 (91%), 


71 (3.9%). 


Nornicotine-2' ,3',3'-d3 (2c). 


This compound was synthesized in the same manner described above 
for nornicotine-dg except that myosmine-3',3'-d> was used instead of. 


myosmine-dg and sodium borodeuteride was used instead of sodium boro- 
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hydride. The eims (Figure XIV) showed ‘“ isotopic composition of 94% d3 
and 6% do with most of the deuterium loss at Cy: m/e (relative inten- 
sity) M’ 151 (35%), 120 (100%), 73 (99%), 72 (11.6%); nmr (CDC13, TMS, 
Figure XV) 6 1.8 (broad t, 2H, Cy’), 2.65 (s, 1H, NH), 2.8-3.4 (m, 2H, 
Cs‘), 4.1 (small broad singlet, 8% of one proton, €>), 7.0-9.0 (a typ- 
ical 3-substituted pyridine pattern, 4H). i 


( 
N-Ethoxycarbonylnornicotine (87). 


To a well stirred solution under nitrogen of nornicotine (222 mg, 
1.5 mmoles) and triethylamine (251 mg, 2.5 mmoles) in 10 ml of freshly 
distilled ether (or THF) was added slowly dropwise ethyl chloroformate 
(267 mg, 2.5 mmoles) in 3 ml ether (or THF). oe the addition was 
complete, the mixture was allowed to stir for 5 minutes. The resulting 
mixture was paper and the was removed on the 
rotary evaporator. The crude product was distilled (bulb to bulb, oven’ 
temp. 133°C, at 65 microns) to yield a colorless liquid (265 mg, 80%) 5 
ir (CHCl3) v 1710 ca? (s, C=0); nmr (CDC13, TMS) 6 1.1 (t, 3H, J = 6.5 
Hz, O-CHj-CH3), 1.6-2.5 (m, 4H, C3: and 3.6 (t, 2H, Cs’), 4.0 (q, 
2H, J = 6.5 Hz, ears | 4.9 (2d, 1H, Cor), 7.0-9.0 (4H, a typical 
3-substituted pyridine pattern); eims (Figure XVII) m/e (relative inten- 


sity) M’ 220 (34.8%), 191 (100%), 147 (60%), 142 (51.5%). 
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Anal. Calc'd for C1 H,¢N202: C, 65.43; H, 7.32; N, 12.71. 


Found: C, 64.17; H, 7.26; N, 12.52. 


Nicotine (1). 


Crude N-ethoxycarbonylnornicotine (87, 210 mg), prepared according 
to the procedure described above, was dissolved in 10 a od freshly 
distilled THF and was added dropwise to a well stirred suspension of 
lithium aluminum hydride (76 mg, 2 mmoles) in 5 ml of freshly distilled 
THF. The resulting mixture turned yellow immediately. The reaction was 
stirred at room poset for 1.5 days before it was siemad te chil- 
ling i silanes sia in an ice water bath and adding water (1/4 ml) 
dropwise followed by sae NaOH (1/4 ml), and finally an additional 1.2 ml 
of water. The vaaaieien mixture was stirred until a white salt was 
formed. After filtering the liquid was dried over eodiu sulfate and 
the solvent was removed by rotary evaporation. a short path distilla- 
tion (84°C, 0.6 ik earls 118 mg (73%) of a colorless liquid. All the 


spectral data (ir, nmr, eims) were identical to those reported for 


157, 184 


nicotine. 


4 

| 

| 
| 
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(S)-Cotinine (3) 


5 


This compound was synthesized according to the method of Bowman and 


97 
McKennis. A 70% yield of a colorless liquid was obtained. This mater- 


ial solidified upon storage at 0°C; nmr (CDC1l3, TMS, Figure XIX) 6 1.8- 


2.8 (complex pattern, 4H, C3 and Cy), 2.75 (s, 3H, NCH3), 4.75 (distort-— 
ed t, 1H, Cs), 7.0-9.0 (4H, a typical 3-substituted pyridine pattern); 
eims (Figure XVIII) m/e (relative intensity) ut 176 (40%), 175 (12%),. 


98 (100%). 


(S)-3, 3-Dibromocotinine hydrobromide perbromide (88*HBr-Br>). 
| 97 
The procedure of Bowman and McKennis was used. Reddish orange 
97 
crystals in a yield of 71% were obtained: mp 144-145°C (lit. mp 140- 
150°C). These crude crystals were used directly in the Zn reduction to 


cotinine. 


(S)-3,3-Dibromocotinine (88). 


97 
The crude reaction mixture obtained by the Bowman and McKennis 


procedure for the preparation of (S)-3,3-dibromocotinine hydrobromide 
perbromide was cooled in an ice bath. Sodium sulfite was added with 


stirring until all of the orange color disappeared. The inorganic salts 


were filtered off and the resulting solution was made alkaline with 


3 
1 

| 

| 


aqueous potassium carbonate. The resulting solution was extracted with 
chloroform. The combined extracts were dried with sodium sulfate. Re- 
moval of the solvent gave white crystals which were recrystallized from 


aqueous ethanol to give a 50% yield of the desired product: mp 119-120°C; 
nmr (CDCl3, TMS, Figure XXI) 6 3.25 (2d, 1H, Cy ), 3.38 (2d, 1H, Cy, ), 


4.75 (2d, 1H, Cy ), 7.0-9.0 (a typical 3-substituted pyridine pattern). 


the three upfield protons showed a typical ABX splitting pattern: JaB = 


= 8 Hz, J 


14 Hz, Av,, = 13.5 Hz, J BX 


AB AX = 6 Hz. 


(S)-Nicotine-5',5'-d> (la). 


4 All glassware,.was baked in the oven at least one hour before use. 


In a 100 ml 3-necked round bottom flask fitted with a magnetic stirrer a 


condenser and a dropping funnel, was placed lithium aluminum deuteride 

(210 mg, 5 mmoles) in 10 ml of freshly distilled THF. The reaction flask _ 
was cooled in a water bath while (S)-cotinine (880 mg, 5 mmoles) in 2 ml 

of THF was introduced slowly Sethe. When the addition was complete 

the reaction mixture was stirred under refltx overnight. The reaction 
mixture was chilled in an ice water bath then 0.2 ml of water was added 
followed by 0.2 ml of 15% NaOH and finally 1 ml of water was added slow- 

ly. The resulting mixture was allowed to stir until white salts were 


formed. It was then filtered and dried over anhydrous sodium sulfate. 
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The solvent was removed under reduced pressure to yield a colorless 


liquid residue. A short path distillation yielded 445 mg (55%) of a 


colorless liquid; eims (Figure XXIII) m/e (relative intensity) Me 164 


(30.8%), 135 (20.7%), 86 (100%), 85 (4.6%); 96% dp alt 47 dj. 


Nicotine-2',5',5'=d; (1b). 

Nicotine-2'-d) was obtained by the same procedure described above 
for the synthesis of nicotine-dg ble ee with nornicotine-2'-d) 
instead of nornicotine-do. Nicotine-2'-d, was not characterized; the 
crude product was used directly for the synthesis of nicotine-2',5',5'- 
d3. 

Nicotine-2',5',5'-d3 was from nicotine-2'-d, via cotin- 
ine-5-d, in the same Siete that nicotine-5',5'-d» was synthesized from 
nicotine-dg (see above): eims (Figure XXIV) m/e (relative intensity) Me 


165 (20.7%), 136 (20%), 87 (100%), 86 (13.8%), 85 (2.7%), 84 (3.0%); 86% 
Q 


d3 and 13% do. 


Nicotine-N-methyl-d 3 (1c). 


This compound was synthesized ‘according to the procedure described 


above for the synthesis of nicotine-dg but using lithium aluminum deu- 


teride instead of lithium aluminum hydride for the reduction of 
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N-éthoxycarbonylnornicotine (87). The nmr spectrum in CDCl3 is identical 


to that of nicotine-dg except for the absence of the singlet at 2.17 ppm . 


poco to the N-methyl protons; eims (Figure XXIV) m/e (relative in- 
tensity) mM’ 165 (33.8%), 136 (36%), 87 (100%), 86 (6.7%), 85 (9.0%), 84 


(1.6%); 96% dz and 4% do. 


5-Hydroxycotinine (52). 


143 
This compound was synthesized according to the procedure of Dagne: 


(i) (97): eims m/e (relative in- 
tensity) 204 (39.5%), 173 126 (95.9%); nmr (CDC13, rs) 
2.62 (s, s/s), 3.25 Ye, 3H, OCH3), 6.67 (AB quartet, Jap = 6 Hz, 
Av = 33 Hz, 2H, C3 joka 7.0-9.0 (4H, a typical 3-substituted pyri- 
dine pattern);. ir (CHCl3) v 1700 om + (s, C=0). 


(ii) 5-(3'-pyridyl)-5-hydroxy-N-methyl-2-pyrrolinone (98): eims m/e 


(relative intensity) M’ 190 (72.8%), 112 (93.8%), 106 (39.5%), 79 (100%), © 


78 (73.6%); ir (CHC13) v 1700 cm (s, C=O); nmr (CDC13, TMS) 6 2.72 


= 6 Hz, 2H, Av,, = 33 Hz, 2H, C3 


(s, 3H, NCH3), 6.60 (AB quartet, J - 


AB 


and Cy), 7.0-9.0 (4H, a typical 3-substituted pyridine pattern). 


(iii) 5-(3'-pyridyl)- 5-h (5-hydroxy- 


cotinine, 52): eims m/e (relative intensity) M’ 192 (2%), 174 (29.1%), 


163 (38.5%), 114 (25%), 106 (100%), 79 (50.4%), 78 (100%); ir (CHCl3) 


og 


233 
= | 
‘ 


v 1685 a (s, C=O); nmr (CDC13, TMS) 6 2.3-3.0 (an intense singlet and 
a complex multiplet, 7H, NCH3 C3 and Cy), 7.0 (broad s, 1H, O-H), 7.3- 
9.0 (4H, a typical 3-substituted pyridine pattern); uv (ethanol) A 300 


nm (e€ 385), 265 nm (e€ 960), 258 (e 1270), 253 (e 1150). 


Incubation of nicotine with lithium aluminum deuteride. . 


To a well stirred suspension under nitrogen of lithium aluminum 
deuteride (168 mg, ; wees in 10 ml of freshly distilled THF was added 
slowly cn) cinneieiini (648 mg, 4 mmoles). The reaction mixture turned 
yellow as soon as the addition was begun. The mixture was ciliate at 
room temperature for 10 days and was then worked up by adding 0.2 ml of 
water to the ice cold reaction mixture followed by 0.2 ml of 15% NaOH 
and finally 0.6 ml of water very slowly. The resulting mixture was © 
stirred ues a white salt like solid was formed. After filtering, the 
THF was removed by para evaporation under ae pressure. Abouk 9 


ml of water was added to the wet residue and the nicotine was recovered 


by extracting four times with 10 ml portions of chloroform. After being 


dried over sodium sulfate, the solvent was removed under reduced pres- 


sure and the residue was distilled (81°C, 0.2 mm) to give 358 mg of a 


colorless liquid. The nmr spectrum (between 7.0-9.0 ppm) of this mater- 
‘ial in CDCl3 is shown in Figure XXII. 


| 
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N-Cyanomethylnornicotine (107). 


To a solution of nornicotine (740 mg, 5 mmoles) and NaCN (490 mg, 


10 mmoles) in 166 ml of water was added dropwise 84 ml of 1.76% aqueous 


formaldehyde (1.5 g of HCO, 50 mmoles) at room temperature with stir- 


ring and under nitrogen. After stirring an additional 10 minutes at 


room temperature, the reaction mixture was extracted with five 120 ml 


portions of diethyl ether. The combined extracts were dried (sqdium 


sulfate), and the residue (750 mg, 78%) obtained after removing the 


solvent was distilled (bp 118-119°C, 0.3 mm) to give a colorless liquid: 


(CDC13, TS) 6 1.6-2.5 (m, 4H, C3: and Cy Gh: Cs’), 


3.1-3.5 (m, 1H, Cs’), 3.6 (t, 1H, J = 7.5 Hz, Co“), 3.48 (center of AB 


quartet, 2H, J = 17 Hz, Av,, = 17 Hz, CH2CN), 7.0-9.0 (4H, a typical 


AB 
3-substituted pyridine pattern); ir (neat) v 2240 cmt (w, C=N); uv 


(EtOH) A 260 nm (e 1880) ; eims m/e (relative intensity) Mr 187 (22.5%), 


186 (12.4%), 109 (100%). | 


Anal. Calc'd for C, 70.56%; H, 6.99%; Ny 22.44%.” 


Found: C, 70.49%; H, 7.01%; N, 21.96%. 


_. Dipicrate salt: A large excess of a saturated solution of picric 


acid in ethanol was added to a solution of cyanomethylnornicotine in 


- ethanol. A gummy solid appeared when the sides of the reaction flask 


were scratched. This mixture “was heated on a steam cone for 1/2 min 


. 
- > 
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and a yellow crystalline solid was obtained: mp 149-151.5°C. This was 
recrystallized twice from 2-propanol: mp 149.5-151.5°C. 
Anal. Calc'd for C23Hj9N90)4: C, 42.80%; H, 2.96%; N, 19.53%. 


Found: C, 42.65%; H, 3.03%; N, 19.23%. 


6,6'-Dinitro-2,2'-diphenic acid (86). 


This acid was synthesized according to the procedure of Kenner and 
132 
Stublings: g mp 252-254°C (lit. 258-259°C); mmr (DMSO-dg, TMS) 6 7.82 


(t, 2H, J = 8 Hz, C,! and Cy), 8.33 (2d, 2H, J = 8 Hz and J = 1.5 Hz, C3 


and C3), 8.43 (2d, 2H, J = 8 Hz and J = 1.5 Hz, Csr and Cs), 8.60 (broad 


s, 2H, COOH); eims m/e (relative intensity) Mr 332 (0.6%), 286 (100%), 


240 (53%), 196 (28%). 


Resolution of 6,6'-dinitro-2,2'-diphenic acid (86). 


Racemic diphenic acid 86 (830 mg, 2.5 mmoles) in 23 ml of ethanol > 
was combined with a solution of (-)-quinine (1.95 g, 6.0 mmoles) in 17 ml 
of ethanol. The resulting solution was placed in the refrigerator over- 


night. The diastereomeric salt obtained (960 mg, 1.46 mmoles) gave a mp 


of 220=223°C. After three recrystallizations from a 2-propanol-ethanol 


mixture, 765 mg (1.16 mmoles) of the salt was obtained: mp 226-229°C 


(lit. . mp 231-233°C). 


The free acid was recovered from the salt (700 mg) by treating it 
with 5 ml of conc HCl and extracting with ether. Upon removal of the 
ether 272 mg (0.82 mmoles) of free acid was obtained: mp 227-229° (lit. 

we 
mp 229°C); [a], = -125° (lit. [a]*” = -126°). 


Resolution of nornicotine with (-)-6,6'-dinitro-2,2'-diphenic acid.» 


° Racemic nornicotine (148 mg, 1 mmole) in 2 ml of methanol was mixed 
with (-)-6,6'-dinitro-2,2'-diphenic acid (333 mg, 1 tinted in 4 ml of 
methanol. After three days in the refrigerator, 326 mg (from 480 mg total 

salt) of yellow crystalline salt was obtained: mp 202-204°C. A sivetun 

of this material (300 mg, 0.625 mmoles) was dissolved in saturated potas— 
sium carbonate solution and nornicotine was recovered by extraction with 
dichloromethane. The extracts were dried over anhydrous sodium sulfate 
and the solvent was then removed by rotary evaporation under reduced 
pressure to give 30 mg of oiientinrtiis (40.52%): [a], = -49° in methanol 


130 
(lit. = -88.8°C). 


Derivatization of nornicotine with trifluoroacetyl (S)- prolyl chloride: 


Formation of a diastereomeric glc derivative of nornicotine. 


Nornicotine (5 mg, 0.03 mmoles) in 1 ml of benzene was placed in a 


culture tube with a teflon lined screw cap. To this was added trifluoro- 


Wives 
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(S)-prolyl chloride (TPC, 1 ml, 0.1 M in CHC13, contains about 4% of the 
| 
(R) isomer, Regis Co.), followed by 10 drops of triethylamine. * The tube 
was capped and heated in an oil bath at 90°C for five min. Upon cooling 

9 1 ml of 6N HCl was ‘added and the tube was shaken. The organic layer was 
removed and dried over anhydrous sodium sulfate. The.volume was reduced 


under a stream of nitrogen to 0.1 ml and the resulting solution was 


analysed on a 3% OV-17 column at 260°C. 
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Metabolic studies. 


Chemicals. 


Tobacco alkaloids and their deuterated analogs were synthesized as 
previously described. NADPH was purchased from Sigma Chemical Co. (St. 
Louis, Mo.). All other chemicals used were reagent grade or better. 
Glassware was cleaned in a nitric acid bath before use in metabolic 


studies. 


Liver preparations. 

Male Dutch black rabbits 6 months to 1 year old were used. The 
eninais were stunned by a blow to the neck followed by decapitation. 
Their livers were quickly removed and rinsed in ice cold 1.15% KCl. 

“Liver tissue (12.5 g) was lls in 25 - of cold isotonic KCl solution 
or pH 7.4 phosphate buffer solution and homogenized using a Potter- 
il econ pestle homogenizer. The homogenates were centrifuged at | 
2.00 x g for 30 oh in a Sorvall RCZ-B refrigerated centrifuge at 0-4°C. 
The supernatant fractions were recentrifuged at 100,000 x g for 1 hour in 

a refrigerated Spinco Model L centrifuge at 0-4°C, The supernatant (the 


as 


soluble fraction) contains the soluble enzymes. The sediment (the micro- 


somal pellet) was resuspended in the amount of ice cold pH 7.4 phosphate 


buffer needed to make 1 ml of solution correspond to 0.2 g of liver for 
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the nornicotine metabolism studies and 1 ml of solution correspond to 
0.5 g of liver for the studies on the metabolism of nicotine in the pres- 


ence of cyanide ion. 


Incubations. 


4 


Incubations were done at 37°C, in air for 1 hour using the metabolic 


shaker. 
/ 


(i) Nornicotine metabolism: 


Each incubate G ml total volume) contained 2.5 ml of 10,000 x g 
supernatant or microsomal fraction (0.2 g of liver/ml), magnesium chlor- 
ide (275 ug, 0.996 mM), nornicotine (544 ug, 0.1 mM) and NADPH (4 mg 
added every 20 min). The incubation was stopped by dbstied bee incubate 
in an ice bath and extracting with dichloromethane. The extracts were 

- dried over anhydrous sodium sulfate and the volume was reduced under a 
stream of nitrogen to 0.1 ml. Thin layer inate (TLC) was car- 
ried out on counmeped silica gel plates (3 cm x 6 cm, silica gel GF, 
280 -aierene, Uniplate, Analtech Inc.) using an EtOH : acetone : benzene 
conc aqu -NH,,OH (5:40:50:5) solvent system. Each band from the TLC 


plate was analysed by gcms using a 2% carbowax KOH column (140°C for 1 


min then increasing 5°C per min). 
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(ii) Nicotine metabolism in the presence of cyanide ion. 


ees incubate (10 ml total volume) contained 8 ml of either 10,000 x 


gz supernatant or microsomal fraction (0.5 g of liver/ml), magnesium 
} 


chloride (1.43 mg, 1.5 mM), sodium cyanide (5 mg, 10 mM), NADPH (added 


at 20 min intervals in 8 mg portions) and nicotine (810 ug, 0.5 mM). 


When the 10,000 x g supernatant was used as the enzyme source, the incu- 


bate mixture was preincubated at 0°C for 15 min before the substrate was 


added and incubated at 37°C. 


The incubation was stopped by chilling in an ice bath followed by a 
direct extraction with dietddcenntane or diethyl ether at 0°C. An 
acid-base (0.1 M HCl, conc K»C03) then done to remove non- 
basic substances. The base extracts were dried over anhydrous sodium 
sulfate and the volume was reduced to 0.1 ml under a stream of nitrogen. 
This solution was analysed by gems on a 2% Dexyl (160°C for 1 min then 
increasing 3.5°C per min) or on a 2% carbowax KOH column (140°C for 1 min 


then increasing 4°C per min). 


(iii) Control experiments. 


Several control incubations were done for both the nornicotine and 


nicotine studies using exactly the reagents and procedures described 


‘above except that the liver preparation was heated for 10 min on a steam 


cone before the cofactors and substrate were added. 
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